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CYCLIC AND POST CYCLIC STATIC BEHAVIOR OF EIBRE REIN-
FORCED SAND 
SUMMARY 
Liquefaction of saturated sandy soil under cyclic loading is one of the most serious 
problems in geotechnical engineering and it can result in catastrophic hazards. 
Besides, shear strength of sandy soils after liquefaction phenomena plays an 
important role. In this study, effect of MIGHTY-MONO fibre mixtures in order to 
reinforcing sandy soils against liquefaction and shear failure of soil have been 
investigated. Several cyclic and post cyclic static tests had done on unreinforced and 
fibre-reinforced sands with different amount of mixtures (0, 0.1, 0.5, and 1% of 
fibre) with relative density about 40% for loose sands and about 60% for dense 
sands.  Results of the tests indicates that addition of different amount of fibre 
improve some cyclic, and static properties of soil. Hence, we can say that between 0 
and 1% fibre content, the more fibre inclusion, the more improve the soil. It can be 
remind that effect of 0.1% fibre content of mentioned soil do not illustrate significant 
effect in plain soil behavior. Besides, this effect of density that has been analyzed 
shows that denser sands have less liquefaction potential compare with looser sands. It 
is expect that reinforcing sandy soils with mentioned materials effect the soil in both 
aspects of financial and improvement of engineering properties specially in 
decreasing the risk of liquefaction phenomena.    
 
 xx 
 
 xxi 
 
FİBER İLE GÜÇLENDİRİLMİŞ KUM ZEMİNLERİN DİNAMİK VE 
DİNAMİK SONRASI SATİK DAVRANIŞLARI 
ÖZET 
Geoteknik mühendisliğinde suya doygun kumlu zeminlerde dinamik yüklemelerden 
dolayı meydana gelen sıvılaşma, ciddi hasarlara neden olduğu için büyük önem 
taşımaktadır. Bunun yanı sıra, kumlu zeminlerin sıvılaşmadan sonraki kayma 
mukavemeti önemli bir rolü vardır. Bu çalışmada MIGHTY-MONO fiber ile 
Akpınar kumunu karıştırarak, fiberin zeminin özelliklerini ne kadar etkilediği 
incelenmiştir,  
Bu araştırmada dinamik ve dinamik sonrası statik deneyler,  yalnız kum ve farklı 
fiber yüzdesi ile donatılmış(0, 0.1, 0.5, 1%) kum üzerinde yapılmıştır. Deneyler 
yaklaşık rölatif sıkılıkta(Dr=%59-62%) yapılmıştır. Deney sonuçlarına göre, değişik 
oranlarda fiber eklemek zeminin bazı dinamik ve statik özelliklerini 
iyileştirmektedir; ancak  %0.1fiberi olan numuneler fazla etkilenmemiştir. 
Bu çalışmada sıkılığın sıvılaşmada ve kayma mukavemetinde önemli rol oynadığı 
gözlenmiştir. %39, 60%, ve %70 rölatif sıkılığında yapılın deneylere göre gevşek 
zeminlerin daha erken sıvılaşması ve kaymaya karşı dayanımının az olduğu 
gösterilmiştir. Çalışmanın en ilginç sonucu boşluk suyu basıncının, farklı fiber 
yüzdesi ihtiva eden statik ve dinamik sonrası statik deneylerde, hiç etkilenmemesidir. 
Statik deneyler farklı kesme hızında yapılmış ve kesme hızının kayma dayanımında 
etkisi olmadığı belirlenmiştir. Ayrıca statik ve dinamik sonrası drenajsızstatik 
deneyler karşılaştırıldığında, kumun sıvılaşmadan sonra kayma mukavemetinin fazla 
etkilenmediği gösterilmiştir.  
Sonuç olarak fiber ile kumlu zeminlerin karışımı zeminin sıvılaşmaya karşı 
direnciniarttırmaktadır. Diğer bir yandan fiberin pratiktezemin içerisindenasıl  
homojenkarıştırabileceği ve ekonomikaçıdan nekadar elverişli olabileceği tartışma 
konusudur.  
 

  1
1. INTRODUCTION 
The generation of pore water pressure in non-plastic saturated sand, silts, and gravel 
under un-drained condition due to cyclic and monotonic loading cause to 
liquefaction. Liquefaction develops several meters below grand, it lessen shear 
strength of soil and cause to settlement of structures, failure of earth dams, 
landslides, etc. In order to evaluate liquefaction, some laboratory tests such as: cyclic 
triaxial ,cyclic simple shear, torsional shear, and shaking table test are used. In scope 
of this thesis, the cyclic and post cyclic static behavior of fiber-reinforced saturated 
sand is studied. For this aim cyclic triaxial, and static triaxial test are used for 
determination of liquefaction potential and shear strength of unreinforced and fibre-
reinforced specimens. 
Results of this investigation indicate that mixing vary amount of fibre with sands 
improve their behavior against liquefaction and so increase their shear strength. 
Beside this, effect of density is analyzed too and the results show that loose sands are 
more vulnerable to liquefaction than dense sand and their shear strength is less than 
dense sand. 
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2. BEHAVIOR OF SAND UNDER CYCLIC LOADING 
2.1 Introduction 
The damages caused by earthquake are influenced by the behavior of sand under 
cyclic loading. This behavior is mostly controlled by the mechanical properties of 
soils (Kramer, 1996). In this part of the thesis, information about behavior of sands 
under cyclic loading and liquefaction mechanism is presented.  
2.2 Stress-Strain Behavior of Cyclically Loaded Sands 
The general acceptance is that the major part of the ground shaking in earthquake is 
caused by the body waves propagating upward from the underlying rock formation. 
The effect of surface waves are considered of secondary important compared to body 
waves that are consists of shear waves and compressional waves. As the 
compressional waves propagate, the normal stress is acted in both vertical and 
horizontal directions and it creates a triaxial mode of deformation. As the 
compressional stress is transmitted through water in pores, compressional waves do 
not cause any effective stress increase. Considering this fact, the effects of 
compressional waves on the stability of ground is disregarded.  The horizontal shear 
stress due to shear stress propagation is considered in the one dimensional stability 
analysis (Ishihara K. , 1996). 
The dynamic properties of soil govern the soil behavior under cyclic loading 
conditions. Soil properties, stiffness, damping, Poisson’s ratio and density influence 
the wave propagation and thus the behavior of soils under cyclic loading. Also the 
rate and number of cycles of loading are important parameters. Volume change 
characteristics are considered important especially at high strain levels (Kramer, 
1996). Soil properties are determined by field tests, laboratory tests and empirical 
correlations obtained from field and laboratory tests (Das, 1993).  
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2.3 Determining Dynamic Properties of Sands by Field Tests 
Field tests are used to measure dynamic properties of soils in situ. Brief information 
about the types of field tests are presented. 
2.4 Seismic Reflection Test 
The wave propagation velocity and thickness of surficial layers are determined by 
the seismic reflection test. This test is preferred especially for large-scale and very 
deep stratigraphy. The test is performed by producing an impulse at the source, S and 
measuring the arrival time at the receiver, R. The thickness of the soil and p-wave 
velocity are determined (Kramer, 1996). 
2.4.1 Seismic refraction test 
The seismic refraction test uses the arrival time of the first waves, regardless of the 
path. An impulsive energy source is located at the ground surface. Receivers are 
placed in a linear array and one receiver is located at the source. The output of all 
receivers is recorded. The duration of first wave to reach the receiver is determined. 
The schematically drawing of the test setup is shown in Figure 2.1 (Kramer, 1996). 
 
Figure 2.1: Seismic refraction test setup (Kramer, 1996). 
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2.4.2 Horizontal layering 
Horizontal Layering test is based on the Huygens' principle (which says that any 
point on a wave front acts as the source of a new disturbance) and SnelFs law. 
During this test he impulse produces stress waves that travel away from the source in 
all directions with a hemispherical wave front. Besides, in the mentioned tests from 
the aspects of advantages and disadvantages, it has been explicitly assumed that the 
velocity of each layer is smaller than the layer immediately below it. For many 
geologic conditions this is a good assumption, but when it is not, the results of a 
seismic refraction test can be misleading. 
2.4.3 Inclined or irregular layering 
Inclined or Irregular Layering test generally used whenever the boundaries between 
layers are not parallel. It is obvious that in this states the travel time-distance diagram 
will not yield the true velocities of all layers directly since the apparent velocity (the 
distance between adjacent receivers divided by the difference in their arrival times) is 
influenced by the slope of the layer boundaries and the critical angles of incidence. 
2.4.4 Suspension logging test 
The Suspension logging test is generally used in petroleum and recently it has been 
used in geotechnical engineering problems. In this test a probe with 5 to 6 meters 
lowered into the bore hole which has been filled with water or drilling fluid. A 
horizontal replaceable-polarity solenoid placed near the base of the probe propagate 
high pressure both p-and-s waves in the surrounding soil. By travelling these waves 
through the soil, energy is transmitted to back through the drilling fluid to two biaxial 
geophones which has been located about 1 m near the top of the probe. 
2.4.5 Steady-State vibration (ray leigh wave) test 
The steady-state vibration test is useful for determining the near-surface shear wave 
velocity but cannot easily provide detailed resolution of highly variable velocity 
profiles. For geotechnical earthquake engineering applications, the steady-state 
vibration test has largely been supplanted by the spectral analysis of surface waves 
lest. 
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2.4.6 Spectral analysis of surface waves test 
The measurement and interpretation of dispersion curves obtained from spectral 
analysis of surface waves (SASW) (Heisey et al., 1982; Nazarian and Stokoe, 1983; 
Stokoe et al., 1994), is one of the most significant recent advances in shallow seismic 
exploration. Its applicability is also limited to sites at which the assumptions of the 
Haskell-Thomson solution (e.g., horizontal layering) arc at least approximately 
satisfied. 
2.5 Seismic cross-hole test 
The cross-hole test often allows individual soil layers to be tested since layer 
boundaries are frequently nearly horizontal. It can also detect hidden layers that can 
be missed by seismic refraction surveys. Cross-hole tests can yield reliable velocity 
data to depths of 30 to 60 m (100 to 200 ft) using mechanical impulse sources, and to 
greater depths with explosive sources. Seismic cross-hole tests use two or more 
boreholes to measure wave propagation velocities along horizontal paths. 
2.5.1 Seismic down-hole (up-hole) test 
The objective of the down-hole (or up-hole) test is to measure the travel times of p-
and/or s-waves from the energy source to the receiver. By properly locating the 
receiver positions, a plot of travel time versus depth can be generated. The slope of 
the travel-time curve at any depth represents the wave propagation velocity at that 
depth. Seismic down-hole (or up-hole) tests can be performed in a single borehole. 
As the behavior of soil is effected by the soil fabric and stress-strain history, the in 
situ tests are also used to define the liquefaction potential of soils. The Standard 
Penetration Test, Cone Penetration Tests and Shear Wave Velocity Measurements 
are used to evaluate the liquefaction resistance of soils (Kramer, 1996). Correlations 
are developed by many researchers to obtain the relation between laboratory-
determined cyclic strength and the field performances. The relations between relative 
density, cyclic strength and penetration resistance are estimated with these 
correlations (Ishihara K. , 1996).  
2.6 Laboratory Tests for Determining Dynamic Properties 
Different laboratory and in-situ tests are conducted to determine the liquefaction 
potential of sand. Cyclic triaxial and cyclic simple shear test are conducted in the 
 7 
 
laboratory. In the laboratory tests, particular level of cyclic shear stress is applied to 
the soil specimen of a certain density and the number of cycles required to cause the 
failure is used to express the liquefaction resistance.  
Different parameters such as the relative density, confining pressure, peak pulsating 
stress, number of cycles of pulsating stress application and over-consolidation ratio 
effect the liquefaction potential of the soil. As the relative density increases, the 
difference between the number of cycles to cause 20% double amplitude strain, 
which is considered as failure, and to cause initial liquefaction increases. The number 
of cycles required to cause liquefaction increases as the confining pressure increases. 
As it is shown in Figure 2.2for a certain initial void ratio and number of load 
application cycles, the variation of peak pulsating stress (σd) for initial liquefaction 
with confining pressure (σ3) 
 
Figure 2.2: Influence of pulsating stress on the liquefaction of sacramento river 
                    sand (Seed & Lee, 1966). 
2.6.1 Free vibration tests 
In the free vibration tests, an initial displacement is applied to the sample and the this 
displacement is returned under free vibration. The modulus of deformation and 
logarithmic decrement are calculated by measuring vibration frequency and the 
attenuation of the vibration amplitude (Pecker, 2007). 
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2.6.2 Resonant tests 
In the resonant tests, forced vibrations are applied to the sample and the frequency is 
tuned until the resonance occurs. Longitudinal and torsional vibrations can be 
applied with resonant column apparatus and transverse vibrations can be applied with 
shaking tables (Pecker, 2007). The resonant column test device is shown in Figure 
2.3. 
 
Figure 2.3: Resonant column test (Drenvich, 1977). 
The electrical coils placed in the magnetic field apply the load and the alternating 
current’s input frequency is changed until resonance occurs. The input frequency is 
increased from a small value. The material damping is calculated from amplitude 
attenuations. Resonant column test is capable of drainage control, pore pressure 
measurement and large range of consolidation stresses (Pecker, 2007). 
2.6.3 Forced vibration tests 
Forced vibration tests are based on applying a known cyclic stress (or strain) to the 
soil sample and measure the induced strain (or stress). Soil parameters are 
determined according to the hysteresis loop and stress path.  
The cyclic triaxial test is  used widely for the determination of cyclic strength and 
Young Modulus. The sample is isotropically consolidated and subjected to axial 
stress in un-drained condition. Young’s modulus, shear modulus, shear strain and 
equivalent damping ratio are calculated by using stress strain relations and hysteresis 
loop. For the determination of the cyclic un-drained strength of sand, stress 
controlled test is performed. The induced strain and pore pressure is recorded until 
the liquefaction occurs (Silver, 1976). 
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The test method developed to study the behavior of soils under pure shear stress 
fields is cyclic simple shear test. The plane strain conditions and possible rotation of 
the principal stresses are present during the test (Pecker, 2007). While the cyclic 
shear stress is applied at the top horizontal plane of the sample, shear deformation of 
the sample is induced due to membrane stiffness (De Groot, et al., 1991).  
The torsional cyclic shear device is developed to produce more homogeneous stress 
fields inside the sample and to have control on the radial stress. This test method 
enables obtaining the cyclic stress behavior over the whole strain range tested. 
Theun-drained cyclic shear strength is also obtained by conducting torsional cyclic 
shear test (Pecker, 2007). 
2.7 Mechanism of Liquefaction 
The liquefaction mechanism has been studied by many researches. One of the first 
studies to explain liquefaction has been conducted by Casagrande (1936) and this 
study is based on critical void ratio concept. According to this concept, under the 
effect of shear stress, dense sand tends to dilates and loose sand tends to decrease in 
volume. According to Casagrande, when sand deposits having void ratios larger than 
the critical void ratio are subjected to seismic effect, they tend to decrease in volume. 
The pore water pressure increases in the un-drained condition and it may be equal to 
the total stress. Thus the effective stress will be equal to zero and the sand does not 
have any shear strength. This state creates the liquefied state (Das, 1993). 
While the liquefaction phenomena  is related to sand, the liquefaction of coarse and 
cohesion-less non-plastic silts have also been observed in the laboratory and in the 
field (Ishihara, 1993). Even though sensitive clays show strain softening behavior 
similar to liquefaction, clays are non-susceptible to liquefaction. Particle size, shape 
and gradation effect the liquefaction potential. Poor graded soils and soils with 
rounded particle shapes have higher liquefaction potential(Kramer, 1996).  
Seed and Lee (1966) performed cyclic triaxial tests on saturated sand specimens that 
were consolidated under a confining pressure. The samples were subjected to 
constant-amplitude cyclic axial stress under un-drained conditions until the samples 
are deformed to a certain amount of peak to peak axial strain (Ishihara K. , 1996). 
The stress conditions at loading stages are shown in Figure 2.4. When the axial 
stress σd is applied un-drained, the shear stress of σd/2 is induced on 45° plane. The 
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normal stress of σd/2 is also induced on this plane but it is transmitted to pore water 
without causing any change in the effective confining stress σ'0. As the cyclic axial 
stress is applied power pressure increases and reaches a value equal to the initially 
applied confining pressure while producing an axial strain about 5% in double 
amplitude. This state is known as liquefaction (Ishihara K. , 1996).  
 
Figure 2.4: Cyclic stresses in the sample of cyclic triaxial load (Ishihara K. , 1996). 
The term “liquefaction” includes the flow liquefaction, cyclic mobility and level 
ground liquefaction. The flow liquefaction occurs when the shear stress required for 
static equilibrium of a soil mass is greater than the soil in its liquefied state. The 
cyclic mobility occurs when the static shear stress is less than the shear strength of 
the liquefied soil. The deformations produced due to cyclic mobility are driven by 
both cyclic and shear stresses. Level ground liquefaction occurs when excess pore 
pressures are produced due to cyclic loading, even during the absence of static 
stresses. (Kramer, 1996).  
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3. SOIL IMPROVEMENT 
Soil improvement techniques are used to improve the engineering properties of soils. 
These techniques vary by the application methods and soil types that can be 
improved. These methods are required not only when the top soil is not able to 
support structures but also when the deeper layers need to be improved.  In general, 
the aim of soil improvement methods is to (Das, Principles of Foundation 
Engineering, 2007): 
 Improve the shear strength of soils and increase the bearing capacity of 
shallow foundations 
 Reduce the shrinkage and swelling of soils 
 Reduce the settlement of structures 
 Increase the factor of safety for possible slope failure of embankments 
and earth dams. 
Any change that renders parameters of the soil or rock to the required strength or 
permeability properties by the field construction is classified as stabilization. On the 
other hand, modification means a minor change in the parameters of soil. 
Modification of granular soils consists of changing the volume of voids, replacing 
the void material or application of both. For cohesive soils, modification requires 
mixing with stabilizers and preloading to reduce settlement. In scope of soil 
improvement methods, ground water can be removed with different drainage 
methods. Methods such as grouting, freezing, mixing and jet piling are used for 
changing the void fluid (Karol, 2003). 
3.1 Soil Improvement Methods 
In scope of this thesis a general description of widely used methods for soil 
improvement are stated. It is possible to use only one method or a combination of 
methods depending on the soil profile and required properties for the construction 
site.  
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3.1.1 Mechanical stabilization 
The aim of this method is to change the grain size distribution of the soil by adding 
binder materials that will fill the voids. In case of granular soils, the binder material 
adds cohesion to soil. Best results are obtained when the cohesive material occupies 
75-90 % of the voids of granular material. For cohesive soils, the granular binder 
material is mixed with soil (Bowles, 1997). 
3.1.2 Compaction 
In this method, addition of water rearranges solid particles under compaction energy. 
The maximum dry unit weight at the optimum moisture content is calculated by 
applying Standard or Modified Proctor Tests at the laboratory. According to the 
results of the laboratory compaction tests, specifications for the in situ compaction 
are determined. The compaction is performed at in the field by using rollers such as 
smooth wheel rollers, pneumatic rubber tired rollers, sheeps-foot rollers and 
vibratory rollers. Especially cohesive soils are well compacted by rollers (Das, 
Principles of Foundation Engineering, 2007). Vibratory rollers are effective for 
cohesion-less soils (Terzaghi et al., 1996). 
The soil is excavated until a certain depth, and the soil is backfilled by compacting in 
layers. The lift thickness should not exceed 75-10 mm for a successful compaction 
application (Bowles, 1997). 
Dynamic compaction is a type of compaction method, which is performed by using a 
mobile crane to lift and drop a heavy tamper on to the soil. Depending on the height 
of the drop, weight of the mass and type of the soil, compaction can be performed 
successfully until a certain depth. This method can be used for compacting saturated 
soils that are classified as silty and/or clayey sand and gravels. The increase in the 
fine material content causes the decrease of the compaction. While partially saturated 
clays above ground water table level can be improved by this method, there can be 
no improvement for fully saturated clays (Bowles, 1977).The schematically drawing 
of the dynamic compaction method is shown in Figure 3.1. 
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Figure 3.1: Dynamic compaction method ( Gunaratme, 2006). 
3.1.3 Vibrio flotation 
This method is used for compacting loose clean sand deposits that are above or 
below ground water table level. The cylindrical probe that includes an eccentric 
weight rotates about the vertical axis and transfers horizontal vibration to the probe. 
The sand particles moves and gets denser in a cylindrical zone as the vibrating probe 
lowers under its own weight The unit includes openings at the bottom and top for 
water jets and the vibrating unit is attached to the follow-up pipe. The method is 
applied for forming densified sand columns (Terzaghi et al., 1996). 
3.1.4 Blasting 
This technique is used for the densification of granular soils. In this method, 
explosives such as 60 % dynamite are blasted at a certain depth in saturated soils.  
The explosives are placed at a depth of  two-thirds of the thickness of the soil layer 
so that relative compaction values up to 80% can be achieved (Mitchell, 1970). 
3.1.5 Freezing 
In this method, a cold medium is contacted to the soil for a certain amount of time 
until the pore water is freezed. For application, pipes are placed into the soil. Pipes 
are combined of two units, a small pipe concentric within a larger pipe. During the 
transfer of refrigerant through the inner pipe, the soil around the outer pipe is cooled. 
For using this method, the soil must be saturated and the groundwater movements 
should be slow. This method is preferred when temporary waterproof barriers are 
needed. Freezing soil increases the strength of soil but frozen soil masses subject to 
creep under load. As pollutants are not added to the soil, this method is 
environmentally friendly (Karol, 2003) 
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3.1.6 Precompression 
Compressible soils such as soft clays, loose silts and most of the organic soils are 
consolidated by precompression method, which is also known as preloading method. 
The area is subjected to weight caused by the fill having a weight per unit area high 
enough to consolidate the soil. While the compressibility of the soil is decreased, the 
strength is increased. The factor of safety against un-drained failure during the 
precompression application is achieved by determining adequate magnitude and rate 
for preloading (Terzaghi et al., 1996). 
3.1.7 Drainage methods 
Different types of drainage methods are to remove the water in the soil and thus 
increase the rate of settlements. In most of the natural deposits, the permeability of 
soil differentiates from point to point Methods such as pumping of water from shafts 
in the excavation area, suction of water by well point method, deep well drainage 
method, drainage by electro-osmosis and vacuum method are also used (Terzaghi et 
al., 1996). Brief information about commonly used drainage methods are presented. 
The sand drain method is used to accelerate the consolidation settlement of 
impermeable layers, especially soft, normally consolidated clay layers. The 
installation of vertical drains is used in accordance with natural drainage layers (sand 
blankets) to increase the rate of consolidation. For this purpose, sand drains or fabric-
encased sand drains are used (Terzaghi et al., 1996).The holes are drilled at regular 
intervals into the clay layers. After completing the backfilling with sand, a surcharge 
is applied at the ground surface and it increases the power water pressure in the clay 
layer. The excess pore water pressure is dissipated through sand drains and thus it 
accelerates the consolidation (Das, 2011). 
The prefabricated vertical drains (PVDs), also known as wick drains, are used to 
enable the drainage of low-permeability soils under surface surcharge. These are 
produced with a channeled synthetic core enclosed by a geotextile filter (Das, 2011). 
The wick drains does not provide any strengthening effect on the soil except for that 
resulting from the water content and void ratio reduction (Bowles, 1996). The 
schematically drawing of the installation of PVDs is shown in Figure 3.2.   
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Figure 3.2: Installation of PVDs(Gunaratme, 2006). 
3.1.8 Sand columns 
Sand columns are used to increase the stiffness soils. This method is applicable in 
both sand and clay deposits. The amount of sand required and the density and 
spacing of columns are determined according to the present stiffness and target 
stiffness value. As this method enables the usage of in situ sand, this method can be 
considered economical in most of the cases (Bowles, Foundation Analysis and 
Design, 5th Edition, 1996). 
3.1.9 Stone columns 
This method is used to increase the load-bearing capacity of shallow foundations on 
soft clay layers (Das, 2011). While the stone columns can be used in sand deposits, it 
is usually preferred for soft, inorganic, cohesive soils. The vibroflotis used to 
produce stone columns. The vibroflotis raised and lowered repeatedly as it cleans the 
cohesive cuttings by jetting. Then the backfill material is placed in stages by 
vibrating (Terzaghi et al., 1996). The size of the gravel used as the backfill material  
ranged between 6 to 40mm. Stone columns are usually constructed with diameters 
about 0.5 to 0.75 m. After the construction of stone columns, the fill material is 
placed over the ground surface and it is compacted (Das, 2011). 
3.1.10 Jet grouting 
The jet grouting method consists of injecting cement slurry into the soil at a high 
velocity in order to create a soil-cement matrix (Das, 2011). A special drill bit with 
vertical and horizontal high-pressure water jets is used for excavating through soil. 
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The cement slurry is then injected into the soil where it is mixed with the remaining 
foundation material loosened during excavation (Bowles, Foundation Analysis and 
Design, 5th Edition, 1996). The single, double and triple rod systems are developed 
for the jet grouting system. The erodibility of the soil effects in jet grout columns. 
While the high plasticity clays are difficult to erode, gravelly soil and clean sand are 
highly erodible(Burke, 2004; Welsh and Burke, 1991). The schematically drawing of 
the jet grout application is shown in Figure 3.3. 
 
Figure 3.3: Jet Grouting Method (Baker). 
3.1.11 Soil nailing 
This is an in situ technique for reinforcing and stabilizing deep cuts. Soil nailing is 
used for temporary or permanent support for excavations, retaining walls, 
stabilization of tunnel portals, stabilization of slopes and repairing retaining walls. 
This method is applicable to cohesive soils or weathered rock as this application 
requires the soil to temporarily stand in a near vertical face. The soil is excavated at a 
certain depth. The soil is drilled and steel reinforcing bars, known as soil nails, are 
placed and a welded wire mesh is fastened to the steel bars and the excavated face is 
stabilized by shotcrete application. The schematic drawing of the soil nailing method 
is shown in Figure 3.4 (Gunaratme, 2006). 
 
Figure 3.4: Soil Nailing Process (Gunaratme, 2006). 
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3.1.12 Use of geosynthetics 
Different types of geosynthetics, synthetic fabric materials, are used to improve soil 
conditions. They are madefrompolyster, nylon, polyethylene and polypropylene. 
Geosynthetics are sufficiently durable materials and they can be used for different 
purposes (Bowles, Foundation Analysis and Design, 5th Edition, 1996). 
Geosynthetic materials are used for several purposes. They are primarily used for 
separation, reinforcement, drainage, filtration and as a moisture barrier (Das, 2006). 
They types of geosynthetics are geotextiles, geogrids, geonets, geomembranes, 
geosynthetic clay liners, geopipe and geocomposites. Geotextiles are used for erosion 
control applications as an alternative for granular soil filters. A typical geotextile 
application is showninFigure 3.5. Geogridsare used for reinforcement. Geonets are 
preffered for drainage applications. Geomembranes are prefered due to their 
impervious nature. Geosynthetic clay liners are used as hydraulic barrier to water, 
leachate or other liquids. Geopipesare used for underground pipeline transmission of 
various types of liquid and gas. Geocomposites are combinations of different types of 
geosnyhtetic materials. They are used in combinations in order to provide required 
functions (Koerner, 1998). 
 
Figure 3.5:Temporary geotextile wrapped-face wall (Bathurst). 
3.1.13 Chemical stabilization 
Chemical admixtures, such as lime, cement, flyash and their combinations are used 
to stabilize in situ soils, especially fine grained soils. The aim is to improve the 
strength and durability of the soil.  
The addition of lime into the soil results in forming cementing material due to the 
puzzolonic reaction between soil and lime. There are different ways of performing 
lime stabilization in the field. One method is to mix in situ material with lime at the 
site and compact after the addition of moisture. The second method is to mix lime, 
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soil and water in a plant and transfer the mixture to the site for compaction. The third 
method is to inject the lime slurry into the soil under pressure. The addition of lime 
to fine grained soil increases its unconfined compression strength and tensile strength 
in a considerable amount (Das, 2011). 
Soil stabilization with addition of cement is preferred especially for the high way and 
earth dam constructions. It is used for stabilizing sand and clayey soils. The cement 
addition increases the strength of soil in a considerable amount. For field application, 
the required amount of cement and water are mixed with the soil and compacted 
(Das, 2011). 
Fly ash is obtained from the pulverized coal combustion. It is a puzzolonicfine 
grained dust, which reacts with hydrated lime to produce cementitious products. 
Stabilized soil layers for highway bases and subbasesare obtained by mixing soil 
with the lime-fly ash mixture and compacting under controlled conditions (Das, 
2011). 
3.1.14 Biotechnical and fiber-reinforcement 
Biotechnical reinforcement technique, also known as bioengineering, requires the 
usage of live vegetation to stabilize slopes against erosion and shallow mass 
movements (Gunaratme, 2006). The most common method of biotechnical 
reinforcement is to cover a part or the entire slope with small trees or low ground 
cover.. Randomly distributed discrete fibers are mixed into This method is known the 
soil to the increase the strength and assist the soil in tension (Gunaratme, 2006). 
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4. LITERATURE REVIEW 
4.1 Dynamic Laboratory Tests on Sands Reinforced with Randomly Distributed 
Fibers 
Maher and Wood (1990) performed laboratory resonant-column and torsional shear 
tests on discrete, randomly distributed fiber reinforced sand. Uniform, medium, sub-
rounded sand was mixed with different types of fibers ranging from low-modulus 
natural fibers to high-modulus synthetic fibers. The scope of this experimental work 
was to determine the effects of test parameters and fiber properties on the dynamic 
response of randomly distributed fiber reinforced sand mixtures under low and high 
strain amplitude cyclic loads. According to the test results, an increase in both low 
and high strain amplitudes increases the effects of fiber inclusions on shear modulus. 
The tests results for sand reinforced with glass fibers of 3% by weight are shown in 
Figure 4.1. It is stated that higher torsional strains create greater mobilization of fiber 
tensile resistance thus fiber inclusions contribute to the rigidity of the composite. The 
tests results for sand reinforced with glass fibers of 3% by weight are presented in 
Figure 4.2to show the effects of fiber inclusions on damping ratio. Under low-strain 
amplitudes, fibers contribute to the damping capacity of the composites. When the 
damping capacity of the composite becomes equal to the damping capacity of 
unreinforced sand, the increase in strain amplitude decreases the contribution of 
fibers to the damping ratio. This behavior occurs as a result of increasing stiffness of 
the composite under high strains which reduces the damping capacity.  
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Figure 4.1: Influence of shear-strain amplitude on contribution of fibers to shear   
                    modulus (Maher and Woods, 1990). 
Maher and Wood (1990) stated that at lower confining stresses fibers contribution to 
rigidity was effective. On the other hand, an increase at the confining stress resulted 
in a sharp decrease of the contributions of fibers to the rigidity. According to the test 
results of the sand reinforced with randomly distributed glass fibers of 3% by weight 
shown in Figure 4.2(a)-(b), an optimum confining stress between 21-48 kPa (3-7psi) 
was required for the mobilize tensile resistance of fibers and the fiber-sand interface 
friction.  Another parameter searched was the effect of fiber inclusions on cyclic 
prestraining effects, at relatively large amplitudes (at 0.035%) on the shear modulus 
measured at low strains. Figure 4.3(a)-(b) shows that as a result of stiffening and 
interface effects, fiber inclusions reduced the effects of cyclic prestaining. As fibers 
limit the reorientation of particles, a higher stiffness was formed and it decreased 
prestraining effect. Even though increasing cycle numbers increase the shear 
modulus, there was no significant effect of fiber inclusions on the cycle number for 
either shear modulus or damping for strain amplitude of 0.62%.  
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Figure 4.2: Influence of shear-strain amplitude on contribution of fibers to  
                   damping ratio (Maher and Woods, 1990). 
In scope of this study, Maher and Woods (1990) investigated the effect of fiber 
parameters on the shear modulus and damping ratio. It is stated that the rigidity of 
the composite increases as the fiber content increase. According to the test results, 
shown in Figure 4.4, performed on sand reinforced with randomly distributed glass 
fibers at different fiber contents by weight under a confining stress of 48kPa, the 
increasing fiber contents resulted in higher values shear modulus for both low- and 
high-strain amplitudes.  
 
Figure 4.3: Influence of confining stress on contribution of fibers to shear modulus 
                   (a) Low amplitude; (b) High amplitude (Maher and Woods, 1990). 
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Figure 4.4: Influence of fiber content on fiber contribution to shear modulus (Maher 
                   and Woods, 1990). 
The results of low-amplitude resonant column and high-amplitude torsional shear 
test results showed that shear modulus and damping ratio of the randomly distributed 
fiber reinforced composites were affected by the fiber aspect ratio (L/d).  Increasing 
aspect ratio values increased fiber surface are and consequently improved fiber-sand 
interaction. The other fiber parameter tested was the fiber modulus. Figure 4.6(a)-(b) 
shows that fiber contribution to shear modulus is increased due to increasing fiber 
modulus, especially at lower strain amplitudes. On the other hand, the effect of fiber 
modulus on damping ratio was not in a considerable amount. 
a)  
 
Figure 4.5: Influence of fiber modulus on contribution of fibers to shear modulus: 
                  (a) Low amplitude range (Maher and Woods, 1990). 
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b)  
Figure 4.6: (Continued), Influence of fiber modulus on contribution of fibers to 
                   shear modulus  (b) High amplitude range (Maher and Woods,  
                   1990). 
4.2  Static Laboratory Tests on Sands Reinforced with Randomly    Distributed 
Fibers 
Babuet.al (2007) used coir fibers as reinforcement in their study. Coir is a 
biodegradable and thus environmentally friendly fiber and it is used to provide short 
term stability in the bund constructions. In this study randomly distributed coir fibers 
are mixed with soil and triaxial compression tests were performed.  
The samples subjected to triaxial tests included dry sand finer than 425μm and coir 
fibers of 15 mm length and 0.25mm average diameter. Soil samples are used with a 
diameter of 38mm diameter and height of 76mm. The samples were prepared by the 
method of dry mixing and according to observations, fibers mixed randomly within 
the soil. The triaxial tests were performed at confining pressures of 100kPa and 
150kPa with the fiber contents of 0%, 0.5%, 1.0% and 1.5%. The soil density was 
kept equal to 14.8 kN/m3 in all the experiments. The application of deviatory stress 
continued until the specimen is failed or a strain level of 10% is observed, whichever 
was earlier. According to the triaxial test results, shown in Figure 4.7 (a)-(b), it is 
noted that the addition of fibers improved the stress-strain response of sand 
significantly.  
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Figure 4.7: Stress-strain curves for various fiber contents (Babu et al., 2007). 
In the second part of the research, the finite difference code of FLAC3D (2002) was 
used to analyze the behavior of coir fiber reinforced sand. Elastic-perfectly plastic  
Mohr-Coulomb model is used for the material behavior simulation, as the anticipated 
stress paths are mainly dominated by shear failure as a result of load application on 
the soil. Sand specimens with a diameter of 38 mm and a height of 76 mm are 
generated using cylindrical elements.  The cable elements are used for the modeling 
of coir fibers as they cannot resist bending moments like as fibers. A parameter, 
which is described as cross sectional area times Young’s modulus divided by its 
length, is used to describe the axial stiffness of the cable element. The randomly 
oriented fibers within the sample domain are created by writing a numerical code 
using the built-in programming language FISH. Even though the cohesive strength of 
soil is practically zero, an amount of 0.1kPa is used in analysis in order to establish 
numerical stability in the analysis.  
According to the stress-strain curves obtained from experiments and numerical 
simulations for the plain soil, it is noted that the results show good agreement. Figure 
4.8 (a)-(d) show the stress-strain plots of both experiments and simulations. It is 
resulted that increase in confining stress causes increase of the failure deviatory 
stress and it leads to increase in shear strain. When shear stress exceeds the shear 
strength of soil, localization of strain causes the failure of soil sample. It is also stated 
that the addition of fibers results in the increase of deviatory stress by reducing the 
localization of strain to a broader area and creating additional frictional resistance in 
the soil. According to the numerical simulations, it is concluded that the stress-strain 
response of random-reinforced soil is governed by the pull-out resistance of fibers. 
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Figure 4.8: Experimental and numerical stress-strain plots (Babuet. al, 2007). 
Ranjan et al. (1994) performed triaxial compression tests to investigate the stress 
deformation behavior of plastic-fiber reinforced fine sand and the effect of confining 
stress on the failure envelope of reinforced sand. Generally the effects of fiber 
content, aspect ratio and confining stresses are searched. In this study poorly graded 
fine sand was mixed with the plastic fibers. For sample preparation, a standard 
Proctor test was performed on unreinforced soil and the optimum moisture content at 
the maximum dry unit weight was determined. Fiber contents of 1%, 2%, 3% and 4% 
of the weight of the soil solids were mixed with soil at the optimum moisture 
content. Samples were tested at a confining stress of 50-400 kPa with varying fiber 
contents and aspect ratios in order to obtain the effect of fiber parameters, such as the 
fiber content and aspect ratio, on the shear strength. 
Figure 4.9indicates that the addition of fibers affected the behavior of sand. Results 
indicate that while the unreinforced sand reaches a peak stress at around 10 %, fiber 
reinforced sand samples do not exhibit any peak stress. In this analysis, the failure 
condition was defined as the stress corresponding to the peak stress condition or at 
20% axial strain whichever was earlier. 
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Figure 4.9: Stress-strain behavior of fiber-reinforced sand (Ranjan et al. 1994). 
The term “critical confining stress” was used to describe the critical stress 
corresponding to the break in failure envelope. It is stated that at confining stresses 
below the critical confining stress value, the fibers slip during deformation and at 
confining stresses above the critical confining stress value, fibers strech or yield. In 
this research, the effect of fiber aspect ratio was determined by performing triaxial 
tests with soil samples that has same amount of fibers with different aspect ratios. As 
it is shown in Figure 4.10, the aspect ratio of fibers in a soil sample affects the level 
of critical confining stress in a considerable amount. Ranjan et.al. described this 
process by stating that as the length of fiber available to mobilize surface resistance 
is small in lower aspect ratios, high confining stresses are required for the 
mobilization of frictional resistance (1994).  
 27 
 
 
Figure 4.10:  Effect of aspect ratio on critical confining stress (Ranjan et al. 1994). 
In this study, it is mentioned that at lower fiber contents, the strength of reinforced 
sand increases more rapidly. As the specific gravity of fibers was relatively small, 
they occupied large volume in the composite. Besides, it was observed that for fiber 
content beyond 2% , as the amount of fibers increased, it became more difficult to 
create a uniform distribution of fibers inside the soil because fibers tend to ball up. It 
is concluded that the fibers increased peak shear stress as they reduced the loss of 
post-peak stress ( Ranjan et al. 1994). 
Diambra et al. (2009) performed triaxial compression and extension tests on sand 
samples reinforced with short polypropylene. The moist tamping technique is used 
for the preparation of specimens. The fiber concentration is defined as a percentage 
of dry weight of sand and fiber concentrations of 0.3%, 0.6% and 0.9% were used 
alongside with the unreinforced sand. Drained triaxial compression and extension 
test were performed on isotropically consolidated specimens. The failure condition 
was defined as 20% axial strain for compressive loading. According to the results it 
is noted that fiber addition increased the friction angle and cohesion intercept 
significantly.  Dense specimens have more tendencies to dilate and it results in 
greater potential tensile stresses in the fibers therefore larger strength increases can 
be observed compared to loose specimens. In triaxial compression tests, 0.6% fiber 
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content provided a net deviatoric stress increase up to 180-200%. On the other hand, 
the contribution of fibers to the deviatoric response in triaxial extension tests was 
limited, only 8% to 10% net strength increase was recorded for the extension tests.  
Diambra et al. (2009) developed the theoretical model based on the rule of mixtures. 
The results of experimental tests are compared with the proposed model based on the 
rule of mixtures. The fiber orientation distribution function was considered by this 
model. It is stated that the excursions between experimental test results and modeling 
approach can be compensated by a more complex model that also considers the non-
linear behavior.  
Michalowski and Cermak (2003) performed drained triaxial compression tests on 
fiber-reinforced sand specimens. Fine and coarse sands were mixed with three types 
of fibers: polyamide monofilament, steel galvanized wire and polypropylene 
fibrillated fibers. The amount of fiber added is described by its volumetric content: 
ρ=ࢂ࢘ࢂ                      (4.1) 
where 
ρ=fiber content 
Vr= volume of fibers in a specimen 
V= total volume of the specimen. 
Unreinforced and reinforced specimens were prepared with void ratios of e=0.58 and 
e=0.66. The first step of drained triaxial compression tests was the application of 
confining stress, σ3 and then controlled increasing stress, σ1was applied. The 
displacement rate was chosen to be 0.16 mm/min. The axial strain ε1 and the 
volumetric strain εv were plotted along with the deviatoric stress σ1-σ3. The results of 
sand reinforced with polyamide fibers show that large failure stresses were recorded 
at large strains at the failure. As it is shown in Figure 4.11 (a)-(b), the initial stiffness 
is affected by the addition of fibers. There is a drop in the initial stiffness for the sand 
reinforced with large fiber contents. It is stated that the changes in the fabric of the 
sand produced by the synthetic fibers may be the reason for the loss of initial 
stiffness. This statement was also supported by the results of sand reinforced with 
steel fibers as there was no stiffness reduction recorded. The interaction of fibers to 
the sand grains is searched by performing triaxial tests with different fiber aspect 
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ratios for the same amount of fiber concentrations. As it is shown in Figure 4.12, the 
recorded strengths increase with the increasing aspect ratio. It is also stated that fiber 
inclusions caused similar effects for both fine and coarse sand specimens  
(Michalowski and Cermak, 2003). 
 
Figure 4.11: Stress strain and volumetric curves of fine sand reinforced with 
                     polyamide fibers (Michalowski and Cermak, 2003). 
 
 
Figure 4.12:  Stress-strain behavior of sand reinforced with polyamide fibers of  
                       different aspect ratios and different lengths (Michalowski and Cermak, 
                      2003). 
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Michalowski and Cermak (2003) also performed fiber pull through tests in a 
modified shear box to determine the behavior of the composite. The results of fine 
grained sand reinforced with polyamide are shown in Figure 4.13(a) and the results 
of fine grained sand reinforced with steel wires are shown in Figure 4.13(b). The 
results for pull through tests conducted on fine and coarse sands were similar. 
Additional direct shear tests were performed when it is considered that a uniform 
stress distribution may not be available through a fiber. The friction angles calculated 
are shown in Figure 4.14. 
 
Figure 4.13: Fiber pull through tests in fine sand (a) polyamide and (b) steel 
                            (Michalowski and Cermak, 2003). 
 
Figure 4.14: Friction angles for reinforced (a) fine sand and (b) coarse sand 
                            (Michalowski and Cermak, 2003). 
The results of the experimental study done by Michalowski and Cermak (2003) 
showed that fiber addition of 2% of volume increased the shear strength in a 
considerable amount. For small fiber contents, the reinforcing effect is more 
prominent compared to coarse sand. On the other hand, large fiber inclusion resulted 
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in greater strength increases in coarse sand. The reinforced sand behavior was 
modeled using an energy-based homogenization technique to calculate the 
macroscopic plastic stress state of the composite. The frictional interaction pf fibers 
and sand was mainly considered in this technique. According to this technique, the 
calculations were based on the equation of the work rate of the macroscopic stress to 
the work dissipation rate in a deformation process. The failure stress of fiber-
reinforced sand was calculated with the model. Figure 4.15shows the macroscopic 
internal friction angles predicted from the model and it is concluded that they were 
consistent with the experimental results. It is also noted that this model was sensitive 
to the fiber contents and fiber aspect ratios.  
 
Figure 4.15: Model predictions and experimental results steel (Michalowski and 
                     Cermak, 2003). 
Michalowski and Zhao (1996), presented a mathematical description of a failure 
criterion for fiber-reinforced soil in a macroscopic stress space. A series of triaxial 
tests were conducted on sand specimens reinforced with stainless steel or polyamide 
monofilament fibers. According to experimental test results, it is stated that steel 
fiber inclusions increased the peak shear stress and the stiffness prior to reaching 
failure. Polyamide fiber addition also increased the peak shear stress for large 
confining pressures but a loss of stiffness and an increase of the strain prior to failure 
was observed. Mohr Coulomb model was used as the matrix failure criterion and it 
was independent of the intermediate principal stress. The limit condition for the 
reinforced sand is represented in terms of the maximum shear stress and the mean 
maximum-minimum principal stress. The internal friction angles calculated from the 
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axisymmetrical triaxial compression tests were used to demonstrate the internal 
friction angle of the theoretical prediction. In the theoretical model, the fiber failure 
is defined related to the volumetric concentration, aspect ratio, yield point, fiber-soil 
interface friction angle and the internal friction angle of the granular matrix. As it can 
be seen in Figure 4.16(a)-(b), the predictions of the theoretical model were consistent 
with the results of experimental tests conducted on both steel fiber reinforced sand 
and polyamide fiber reinforced sand.  
 
Figure 4.16: Comparison of theoretical and experimental failure criteria 
                     (Michalowski and Zhao, 1996). 
Maher and Gray (1990) performed laboratory triaxial compression tests on sands 
reinforced with discrete, randomly distributed fibers to determine the effect of sand 
granulometry and fiber properties on the strength-deformation process of the 
composites. The assumptions for the theoretical model are stated below. 
 Fibers have a constant length and diameter. 
 The smaller portion of a fiber length on either side of a failure plane is 
uniformly distributed between zero and half of the fiber length. 
 All the fibers have the same probability of making all possible angles with 
any arbitrarily chosen fixed axis. 
 Fibers and their points of intersection with any failure plane are randomly 
distributed in the soil mass. 
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 When the confining stress is less than the critical confining stress, fibers slip 
during deformation. At confining stresses higher than the critical confining 
stress fibers yield according to the Mohr-Coulumb yield criterion.   
Also the Poisson-Distribution assumption is valid for this theoretical model. Thus, it 
is stated that the number of fibers in a volume is equal to the known average number 
of fibers randomly distributed in the matrix and it is directly related to the volume 
fraction βf, length L and diameter d of the fibers (Maher and Gray, 1990). 
According to the theoretical study, the shear strength increase due to fiber inclusion 
is calculated as: 
ΔSR = tRሾsinω	 ൅ 	cosω	tanϕሿ                 (4.2) 
where 
ΔSR=shear strength increase due to fiber inclusion 
tR=mobilized tensile strength of fiber per unit area of soil 
ϕ=internal friction angle of sand 
ω=angle of distortion 
x=shear displacement parallel to the shear zone 
z=thickness of shear zone. 
The angle of distortion is calculated as; 
ω=tgି૚ ቀܠܢቁ                    (4.3) 
and the tR is calculated as; 
tR=
࡭ࡾ
࡭ σୖ                           (4.4) 
where 
AR=NSቀπ ୢమସ ቁ A                   (4.5) 
AR= cross sectional area of all fibers crossing the shear plane 
A= total cross-sectional area of the failure plane 
Ns=average number of fibers intersecting a unit area 
d=fiber diameter 
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σR=tensile stress developed in the fiber at the shear failure. 
Maher and Gray (1990) developed the theoretical model for calculating the shear 
strength increase in sand due to fiber inclusion considering the bilinearity of failure 
envelopes and the existence of critical confining stress. According to the model, 
for 0 <σconf<σcrit 
ΔSR=NSቀπ ୢమସ ቁ ሺ2σୡ୭୬୤tgδሻሺsinω	 ൅ 	cosω	tanϕሻሺζሻ              (4.6) 
and for 0  σconf>σcrit 
ΔSR=NSቀπ ୢమସ ቁ ሺ2σୡ୰୧୲tgδሻሺsinω	 ൅ 	cosω	tanϕሻሺζሻ                                   (4.7) 
Where 
σcrit= critical confining stress 
σconf= average confining stress in triaxial chamber 
ζ=an empirical coefficient depending on sand granulometry and fiber parameters. 
Maher and Gray (1990) performed 180 triaxial compression tests on randomly 
distributed fiber reinforced sand within the scope of experimental program. The sand 
samples were mixed with fibers at a moisture content of 10% to prevent fiber sunder. 
Different types of sands were mixed with natural and synthetic fibers to determine 
the effect of sand granulometry and fiber types on the behavior of composites under 
static loading conditions. According to the results, it is stated that rounded sands 
exhibited curved-linear behavior while angular sands exhibit bilinear behavior as it is 
shown in Figure 4.17 (a)-(b).  
The results indicated that the strength increase provided by fiber addition depends on 
the soil-fiber parameters such as fiber aspect ratio and modulus, fiber content, grain 
size, gradation and shape. According to the experimental results it is stated that an 
increase in fiber aspect ratio (L/D) results in a decrease in σcrit and an increase in 
shear strength. As it is shown in Figure 4.18(a)-(b), increase of coefficient of 
uniformity or a better gradation of sand results in lower σcritand higher shear strength 
(Maher and Gray, 1990). 
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a)  
b)  
Figure 4.17: Principal stress envelopes from triaxial tests on reinforced sand: (a) 
                     Muskegon Dune Sand; (b) Mortar Sand (Maher and Gray, 1990). 
 
 
Figure 4.18: Influence of (a) sand particle and shape; (b) gradation on critical 
                      confining stress (Maher and Gray, 1990). 
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Maher and Gray (1990) stated that at high confining stresses or fiber aspect ratios, 
the fiber addition causes a linear increase in strength but when those parameters have 
low values the strength increase reaches an asymptotic upper limit. This behavior can 
be seen in Figure 4.19.  
 
Figure 4.19: Influence of fiber content and aspect ratio on strength increase in 
                          Muskegon Dune Sand (Maher and Gray, 1990). 
Functional relationships derived from experimental results in order to estimate σcrit 
and ߞvalues, to be used in the theoretical model for the calculations of the effects of 
fiber inclusions. Maher and Gray (1990) stated that experimental results and the 
model predictions were in agreement. In Figure 4.20the Principal Stress Enveloped 
show this agreement clearly. 
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Figure 4.20: Theoretical versus experimental principal stress envelopes (Maher and 
                     Gray, 1990). 
Santoni et al. (2001) investigated the suitability of randomly oriented discrte fiber 
reinforced sands for the pavement applications. Six sand types, four fiber types, five 
fiber lengths, six fiber deniers and five different fiber dosages were used during the 
laboratory tests. The compressive strengths of specimens were used to determine the 
performance. The unconfined compression tests were performed with a displacement 
rate of 0.0423 mm/s. It is decided that the suitable vertical deformation limit is 
25mm for pavement applications. Sand types ranged from fine sand to coarse sand. 
The fiber types were synthetic monofilament, fibrillated, tape and mesh fibers made 
of polypropylene. For sample preparation, moisture was fundamental to mix and 
mold the specimen so moisture control study was performed. The water content of 
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the specimens were arranged to be equal to 8%. Water was added to sand-fiber 
composites to obtain target moisture content and ensure a uniform mixture.  Each 
specimen was compacted in five layers with modified Proctor tests. The effects of 
test variables were evaluated by comparing the unconfined compression test results 
of unreinforced sand and fiber-reinforced sand specimens. According to Figure 4.21, 
when fiber content of 1% by dry weight of sand was used, it was observed that all 
fiber types improved the unconfined compressive strength of all sand types.  
 
Figure 4.21: Performance of fiber types by sand type (Santoni et al., 2001). 
The effect of fiber length was evaluated by mixing monofilament fibers of different 
lengths at different deniers. The results are presented in Figure 4.22and it is stated 
that while 51 mm (2in.) monofilament fibers increased the unconfined strength 
significantly at three deniers, the fiber lengths up to 25 mm (1in.) did not create any 
significant effect. The control specimen represents the unreinforced sand at the 
moisture content of 8%. When the effect of fiber denier was evaluated it is concluded 
that the unconfined compressive strength increases with the decreasing fiber denier.  
The term “denier” used in this study represents the fiber thickness. As it is shown 
inFigure3.20, when the monofilament specimens increased from 4 denier specimens 
to 20 denier specimens, the unconfined compressive strength of specimens decreased 
approximately by 13.5%. The decrease in the specimen performance of 12.5% was 
recorded for fibrillated specimens from the 360 denier to the 1000 denier (Santoni et 
al., 2001). 
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Figure 4.22: Comparison of fiber type, length and denier in vicksburgconcrete 
                           sand (Santoni et al., 2001). 
Santoni et al. (2001) performed unconfined compression tests with different fiber 
contents of 0.2, 0.4, 0.6, 0.8 and 1.0 %. It is informed that fiber contents over 1.0% 
requires excessive deformation in order to initiate the specimen’s load support 
capabilities. According to the test results, the strain softening characteristics, 
described as decreasing unconfined compressive strength with a corresponding 
increase in strength, was observed for specimens with fiber contents below 0.6%. On 
the other hand fiber contents of 0.6-1.0% resulted in strain hardening characteristics, 
the expected behavior, that are exhibited as an increase in unconfined compressive 
strength with a corresponding increase in strain. Figure 4.23shows that the optimum 
fiber content is between 0.6-1.0% dry weights of sand to obtain optimum unconfined 
compressive strength. The effect of sand type was determined by using six different 
types of sand. The experimental results showed that synthetic fiber inclusions 
improved the unconfined compressive strength of all sand types and there was no 
considerable difference between the performance of coarse sands and fine sands. 
Another parameter searched was the silt content and the results showed that silt 
contents higher than 12% may degrade the performance of sand reinforced with 
fibers. According to the test results, it is concluded that dirty sand can also be 
reinforced with synthetic fibers.  
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(a)                                                                          (b) 
Figure 4.23: Typical performance of 51mm (2 in.) Monofilament (20 Denier) and 
                     fibrillated (1000 Denier) Fiber in (a) Vicksburg Concrete (b) Yuma 
                     sand (Santoni et al., 2001). 
The effect of moisture content was determined by performing the unconfined 
compression tests at different moisture contents. The specimens were tested just after 
they were compacted. The fiber content of 0.6% was chosen and 51mm (2in.) 
monofilament (20 denier) fibers were mixed with sand at different moisture contents. 
As the results shown in Figure 4.24exhibits, the moisture contents between the base 
moisture content of 2.6 % and 14.0%, increased the performance of fiber-sand 
mixtures. On the other hand when the moisture content reached up to 14.0%, it is 
observed that the specimen was saturated and due to drainage, the specimen showed 
a similar performance as it showed at the base moisture content.  
 
Figure 4.24: Specimen performance at varying moisture contents (Santoni et al., 
                    2001). 
Ibraim et al. (2009) performed a series of laboratory experiments to determine the 
liquefaction potential of loose clean sand reinforced with short flexible fibers. The 
experimental program focused on the un-drained behavior in both triaxial 
compression and triaxial extension. The Houston RF sand is mixed with LoksandTM 
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flexible polypropylene crimped fibers. It is stated that these fibers act predominately 
in tension. The moist tamping technique is used for preparing unreinforced and 
reinforced sand specimens at the optimum moisture content, which is determined 
from the compaction tests as 10%.  For sample preparation, the weight of sand was 
kept constant and the fiber contents used for compressions tests were 0.3%, 0.6% and 
0.9% while the fiber contents used for extension tests were 0.3% and 0.6%.The 
experimental program included drained and un-drained triaxial compression and 
extension tests on isotropically consolidated samples. The consolidation pressures of 
30, 100 and 200kPa were used for the tests. The specimens were saturated by water 
back pressure up to 300kPa and CO2 method. The shape of the homogeneous 
specimen was preserved well beyond the 20% axial strain in compression and 10-
12% axial strain in extension. For interpreting the test results, axisymmetric triaxial 
conditions were used. It is stated that p and q are respectively the total mean and 
deviatoric stresses action on the composite where 
p=p*+u                   (4.8) 
where p* is the effective mean stress and u is the pore water pressure.  The deviator 
stress on the sample is denoted as q*. The strain variables are the volumetric strain εv 
and shear strain εq. The relations between these quantities and the axial and radial 
stresses are: 
p ൌ ࣌ࢇା૛࣌࢘૜                     (4.9) 
q ൌ σୟ െ σ୰	                  (4.10) 
ε୴ ൌ εୟ ൅ 2ε୰                                       (4.11) 
ε୯ ൌ ଶଷ ሺεୟ െ ε୰ሻ                           (4.12) 
the subscripts of a and r represent the axial and radial components respectively. If 
q*/p*=M, the Mohr-Coulomb mobilized angle of friction ϕm*is defined as: 
sin ߶௠∗ ൌ ૜ࡹࢉ૟ାࡹࢉ                                                 (4.13) 
sin ߶௠∗ ൌି૜ࡹࢋ૟ାࡹࢋ                           (4.14) 
The drained triaxial compression and extension tests were performed on isotropically 
consolidated unreinforced and reinforced specimens at a consolidation pressure of 
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100kPa and the results are shown in Figure 4.25. As is it shown, at 20% axial strain 
and with a fiber content of 0.9%,  the deviator stress increase was almost 300% 
compared to that of unreinforced sand. It is stated that fibers ability to withstand 
tension without plastic deformations provided a significant strength increase for the 
fiber-sand mixture (Ibraim et al., 2009). 
 
Figure 4.25: Deviator stress-strain results for drained compression and extension 
                     triaxial tests (Ibraim et al.,2009). 
According to the results of triaxial extension tests, it can be seen from the Figure 
3.26 that the stress-strain relationships for reinforced specimens were similar to that 
of unreinforced sand. It is stated that sand matrix controls the strength response of 
the composite in extension. Test results presented in Figure 4.26also showed that the 
volumetric response of the composite is affected by the presence of fibers that cause 
an apparent densification mechanism of the sand matrix. It is stated that the potential 
of static liquefaction can be affected by the change of the volumetric response from 
contractive for the unreinforced sand to dilative for the reinforced sand (Ibraim et al., 
2009). 
 
Figure 4.26: The volumetric behavior for drained compression and extension triaxial 
                      tests (Ibraim et al.,2009). 
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Ibraim et al. (2009) also performed un-drained monotonic compression and extension 
triaxial tests on unreinforced and reinforced sand specimens. For the unreinforced 
specimens, both in compression and extension tests, a typical behavior of static 
liquefaction was observed. The generation of pore pressure and a continuous 
decrease of effective mean stress was followed by a reaching the peak value rapidly, 
a sharp drop of the deviator stress and steady state as deformation continues. Results 
showed that fibers converted a strain softening response (typical for loose 
unreinforced sand) into a strain hardening response both for the compression and the 
extension tests and thus the monotonic liquefaction is prevented. It is also noted that 
higher amount of fibers were required to prevent liquefaction in extension. The 
mobilized angle of friction ߶*m, increased monotonically with the shearing for the 
specimens reinforced with fiber content between 0.3-0.9% in triaxial compression 
tests. Also at the end of the experiments, the reinforced sand specimen maintained 
some stability even after its membrane was removed. It shows that fiber inclusions 
limit the lateral spreading of the soil, which is accepted as one of the results of 
liquefaction.  
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5. EXPERIMENTAL STUDY 
The experimental study consists of cyclic and post cyclic static laboratory tests on 
unreinforced and reinforced sand specimens. The triaxial compression tests were 
performed on the randomly distributed fiber reinforced sand samples to determine 
the effect of fiber inclusions on the cyclic and post cyclic static behavior of sand.  
5.1 Test Apparatus 
The triaxial tests apparatus is used for both monotonic and cyclic loading conditions. 
The details of a typical triaxial cell areshown in Figure 5.1. The main components of 
a triaxial test apparatus are cell base, cell body and top, loading piston and loading 
caps (Head, 1998). 
 
Figure 5.1:Details of a triaxialtest apparatus (Head, 1998). 
The cyclic triaxial test apparatus Model DTC-311, shown in Figure 5.2was 
developed by the Japanese company “Seiken Inc.” and was brought to Istanbul 
Technical University Soil Dynamics Laboratory within the scope of ITU-JICA 
(Japan International Cooperation Agency) cooperation. 
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Figure 5.2: Triaxialtest apparatus in ITU soil dynamics laboratory 
The device is capable of applying cyclic and monotonic loads. The load cell has a 
vertical load capacity of 500kgf and lateral load capacity of 10kg/cm2. It is possible 
to form specimens with diameters of 50mm, 60mm, 75mm and heights of 100mm, 
120mm and 150mm by changing the top and bottom caps. The vertical loading 
apparatus is capable of applying 200kgf dynamic load. For monotonic loading 
conditions, the loading capacity is 500kgf and rate of loading is between 0.002-2.0 
mm/min. It is possible to apply pressures between 0-10kg/cm2.The air pressure is 
transmitted to water leading to triaxial chamber and its amount is controlled by the 
pressure regulator. The drainage valves connected to the top and bottom caps are 
used for supplying water into the specimen and applying the back pressure. The 25ml 
burette pipe is connected to the drainage valves and it is used for calculating the 
amount of water drained during consolidation. The test apparatus also includes a 
water tank and a vacuum tank with volumes of 5lt. The cyclic loading is applied to 
the specimen by uniform sinusoidal load and its frequency ranges between 0.001 Hz 
and 2.0 Hz. The load, displacement and pore water pressure transducers are used for 
monitoring the specimen behavior and the data is directly transferred to the 
computer. The computer program, Virtuel Bench Logger, is used for transferring the 
data and also drawing the graphics.  
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The digital system shown in Figure 5.3 is used for calibrating the data. When the 
digital system starts to operate, the condition of gain button, ATT5 button and 
CAL.με button must be controlled. The ATT button controls the sensitivity of 
measurements. The CAL.με button calibrates the μ ε input. The CAL.με button is 
switched by pressing the CALL.ON button and it starts the calibration. First the 
AUTO button is switched and the digital voltmeter should show the value of “0.00”. 
Then CALL.ON button is switched and the value of voltmeter is arranged as “5.00” 
by using the GAIN control button which controls the sensitivity of the amplifier. The 
ZERO-C-BAL button controls the changes in the measurement and after it is 
switched to zero, the ZERO CONTROLLER is used for setting the voltmeter value 
shown on digital indicator (DV) to “0.00”. The ZERO-C-BAL button is kept 
constant at the C-BAL position and the voltmeter value is set to “0.00” by using C-
BAL button. At the same time, for calibrating the sensitivity of the measurements, 
ATT 1,2 or 5 button is calibrated. The MEANS button is pushed for adjusting the 
indicator to the rated value of the sensor. After that, CAL.ON is switched and DV 
value is set to “10.00” with turning MEAS controller. At the end CAL button is 
switched off and so the device will be ready to record experimental data. The 
mechanical gauges are also placed to be used for experimental calculations. 
 
Figure 5.3: Digital system of the triaxial apparatus 
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5.2 Test Materials 
The Akpınar sand is used in the experimental study. The sand is first washed through 
#200 sieve and then sieved through #10 sieve. According to the Unified Soil 
Classification System the sand is classified as SP. The constant head permeability 
test is conducted on sand samples at relative densities of 30%, 50% and 80%. The 
grain size distribution curve of Akpınar sand is shown in Figure 5.4:The parameters 
of the sand are shown in Table 5.1. 
Table 5.1:Properties of sand 
Property Value 
Specific Gravity 2.69 
Maximum void ratio 0.874 
Minimum void ratio 0.558 
Permeability (m/s) 4x10-4 
Sand fraction (%) 99 
Fine materials (%) 1 
Effective grain size D10 (mm) 0.22 
D60 (mm) 0.35 
D30 (mm) 0.27 
Coefficient of uniformity Cu 1.60 
Coefficient of curvature Cc 1.00 
c (kPa)  0 
Ø(deg)  40 
 
 
Figure 5.4: Grain size distribution curve of Akpınar sand 
The fiber used as the reinforcement is called FORTA MIGHTY-MONO fiber. It is 
made of pure homopolymer polypropylene. The photo of fibers is shown in Figure 
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5.5 are produced according to ASTM C1116. The fiber parameters are presented in 
Table 5.2. 
Table 5.2:Fiber Properties 
Color White 
Structure Single Fiber 
Specific Weight 0.91 
Length 19 mm 
Water Absorption 0 
Tensile Stress 570-660 MPa 
 
 
Figure 5.5: Fibers 
5.3 Compaction Test 
The first step for sample preparation was to determine the required amount of water 
for mixing the fiber into the sand uniformly. According to the previous studies on 
fiber-reinforced sand, water is required for obtaining an efficient mixture and 
preventing fiber-sand segregation (Ibraim & Fourmont, 2006).  For determining the 
amount of water that will be added to the fiber-sand mixture, compaction test is 
performed on unreinforced sand to determine the optimum moisture content. 
The optimum moisture content is determined by performing Modified Proctor Test. 
For conducting Modified Proctor Test, a mold with a volume of 2304cm3was used. 
The rammer weighting 4.54 kg was dropped from a height of 45 cm. The soil was 
compacted in five layers with applying 56 blows to each layer. Figure 5.6:Modified 
proctor test results show the compaction curves obtained. Despite the deviations, it is 
clearly obtained that an optimum moisture content of 10 % will be used for sample 
preparation. Considering this information, the randomly distributed fiber reinforced 
sand samples were prepared at this moisture content. 
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Figure 5.6:Modified proctor test results 
Also the effect of Modified Proctor Test application on the grain size distribution 
curve of sand was investigated. The grain size distribution curves before and after the 
Modified Proctor Test was compared. Figure 5.7shows that the grain size distribution 
curves before and after the application of Modified Proctor Test coincide exactly. It  
 
Figure 5.7: Comparision of Grain Size Distribution Curves before and after 
                   compaction. 
5.4 Sample Preparation 
The triaxial test apparatus is used for performing static triaxial compression tests and 
cyclic triaxial tests. The tests were conducted on samples of 50 mm diameter and 100 
mm height, having a relative density of 40%. The amount of fibers added to the sand 
was taken as a percentage of the dry weight of the sand. The fiber contents tested are 
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1.0%, 0.5% and 0.1%. The results are compared with the results of unreinforced 
sand. For sample preparation, fibers were separated to enable a uniform mixture. The 
fibers, sand and water are mixed thoroughly by hand until a uniform mixture is 
obtained. It is observed that fibers disperse in the sand easily. Before the mixture is 
placed in the chamber, the burette is filled with water. The air bubbles inside the top 
and bottom drainage pipes must be expelled by applying a backpressure of 10-20kPa. 
After that, porous stones at the top and bottom caps are saturated. The rubber 
membrane, having a thickness of 0.15mm is placed and O rings are used to fasten the 
membrane. The split mold is placed around the membrane and the mold is fixed with 
an apparatus holding the parts of the mold together. A small amount of vacuum is 
applied inside the mold to stick the membrane to the inner wall of the mold. The 
porous paper is placed on the porous stone at the bottom cap. The fiber reinforced 
sand sample is transferred to the mould with a spoon in five layers and compacted 
lightly by wet tamping method to achieve a uniform sample. For dry samples, dry 
tamping method was used.  The second porous paper is placed on the sample. After 
placing the sample, the loading device with three bases is placed and they are fixed. 
The membrane is rolled over the top cap and O-rings are used to fasten the 
membrane to the loading device. They are required for avoiding the transfer of water 
and air into the sample during the experiment. At this stage, 30kPa vacuum is applied 
inside the sample to prevent any deformation and then the split mold is removed as 
the sample can stand still due to vacuum. The loading piston on the top cap is 
lowered until it touches the porous paper smoothly. The cell chamber and chamber 
cap are placed and they are fixed with three screws on the top. Air pressure between 
30kPais applied to the water tank that enables water transfer inside the chamber and 
so the chamber is filled with water until the level marked on the chamber. The 
loading piston is lowered and after it is completely loose, gauges are calibrated. 
Carbon dioxide gas is transferred inside the specimen for 30 minutes. The water level 
of the burette is recorded. After that, vacuum is turned off and distilled water is 
transferred into the soil from the bottom cap due to the head difference between the 
water supply tank and the triaxial chamber. At this stage, the external pressure holds 
the sample together. This process is continued until all the air inside the water pipe is 
removed. It takes approximately 15 minutes but the air bubbles inside the pipe must 
be carefully observed. 
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The backpressure of 270kPa and confining pressure of 300kPa is applied to the 
specimen and after waiting for 4 hours, the degree of saturation is determined. For 
finding the effect of saturation on the results, some of the triaxial tests were 
performed at lower saturation levels than the required saturation. The degree of 
saturation can be increased by increasing the backpressure and confining pressure 
simultaneously, in order to maintain the effective stress acting to the sample. The B 
coefficient is calculated for determining the saturation and it is calculated as: 
B= ∆࢛∆࣌૜                                                    (5.1) 
where 
Δu is the resulting change in pore pressure and Δσ3is the pressure increase for 
determining the saturation. When the B coefficient is greater than 97%, the specimen 
is accepted as saturated and it is ready for the experiment. 
5.5 Test Procedure for Determining the Emax 
When the specimen is saturated, the maximum initial Elasticity Modulus values for 
unreinforced and reinforced sand specimens were determined by using of cyclic 
triaxial apparatus in accordance with ASTM D3999-91. The load controlled test type 
was preferred. First, the cyclic loading is applied while the net pressure of 30kPa is 
applied on the specimen. The cyclic loading is applied at very small values. For the 
first 5 cycle, the applied load is 0.3kPa, for the second 5 cycle the applied load is 
0.7kPa and for the third 5 cycle the applied load is 0.9kPa. It is stated that for strains 
smaller than 10-6-10-4 soil behaves elastically (Pecker, 2007). Small strains, between 
10-5 and 10-6are determined by the gap-sensors. The Elasticity Modulus values are 
calculated as: 
E=ࢤ࣌∆ࢿ                     (5.2) 
Where Δσ is the deviatory stress and Δε is the small axial strains. 
After the maximum initial Elasticity Modulus under the net pressure of 30kPa is 
determined, the experiment is stopped. It is necessary to wait for 15 minutes until the 
consolidation phase is completed. At the end of this time interval, water level in the 
burette is recorded in order to estimate the volume change in the specimen. In scope 
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of this research, the initial maximum Elasticity Modulus values are also determined 
under the confining pressure of 500kPa and backpressure of 400kPa. 
The triaxial compression test under monotonic loading is carried out after completing 
the cyclic loading tests. The conditions are kept constant and cyclic triaxial test is 
applied. 
5.6 Cyclic Triaxial Test 
Cyclic triaxial test is performed to model the effect of earthquake loads on soils. 
After the maximum Elasticity Modulus values are determined, cyclic triaxial test is 
performed. Cyclic load is applied at a certain amplitude. As the number of cyclic 
loading increases, the effective stress decreases and thus axial deformations occur. 
The test is performed until the pore water pressure value is equal to the net pressure 
or the axial strains reach to a value of ±2.5, whichever is earlier.  
Cyclic stress ratio is the ratio of shear stress to the consolidation pressure (net 
pressure applied to the specimen). The shear stress applied to the specimen is equal 
to the half of the axial stress (σd).  
C.S.R.= ો܌૛∗ો૜ᇲ
                    (5.3) 
Where σd is the axial stress and σ'3 is the existing effective confining stress (Ishihara 
K. , Soil Behavior in Earthquake Geotechnics, 1996). The graphs of cyclic stress 
ratio versus number of cycles to 5% double amplitude axial strain  are drawn. This 
step is repeated for different cyclic stress ratios and cyclic strength curve is obtained.  
The dynamic loading unit of the triaxial test apparatus is used to apply cyclic loads at 
certain amplitudes. The system can apply the cyclic load by using air pressure. First 
the number of cycles shown on the digital system is arranged as zero. If the test 
needs to stop at a certain number of loading cycles, it must be arranged thus the test 
will stop automatically when it reaches that number of cycles. If the number of 
cycles is set to “000000” at the beginning of the test, the test must be stopped 
manually. The frequency is arranged as 0.1 Hz. After the dynamic loading unit is 
prepared, the digital system must be initialized by pressing AUTO buttons. The 
power supply is turned on and a pressure of 8kgf/cm2 is applied to the system. The 
top loading piston is lowered until it touches the specimen cap by using the static 
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regulation button. The piston must be lowered really slowly, otherwise load will 
apply to the specimen and the specimen will be deformed. Any loading or unloading 
on the specimen must be controlled from the digital unit system. After the drainage 
valves are turned off, the test will start. The test is performed until the 5% axial strain 
is formed. 
Right after the cyclic triaxial loading test is completed, the monotonic loading is 
applied as deformation controlled. 
After completing the cyclic triaxial test, the air pressure applying to the top loading 
piston is lowered by using the static regulation button. The vertical pressure valve 
must be opened to applying a balancing pressure. The back pressure on the specimen 
is lowered to zero and the confining pressure is lowered to 0.1-0.5 kgf/cm2 to 
evacuate the water inside the chamber. The cables connecting to the digital system 
are disconnected. The cell cap, cell chamber and the specimen are removed. 
5.7 Post Cyclic Static Test 
The third part of the experimental program consists of post cyclic static test. After 
the cyclic triaxial test is completed, the conditions are kept constant the deformation 
controlled static loading is applied. The tests were conducted at strain rates of 
1.00mm/min, 1.25mm/min, 1.50mm/min.. Deviatory load was applied until the 
specimen failed or up to a strain of 20%, whichever was earlier. 
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6. EXPERIMENTAL RESULTS 
In this chapter Maximum Young modulus, Cyclic, and Post Cyclic Static results of 
saturated unreinforced and fibre-reinforced sand with different amount of fibrewill 
be discussed and performed test which has been plotted will be discussed as detailed. 
The tests have been performed with relative density about 59% and 70% for 
unreinforced sand and between 59 to 62% for fibre-reinforced sand.As it was 
explained in the procedure section, at first step Maximum Young Modulus Test has 
been tested and immediately after that Cyclic test with different Cyclic Stress Ratio, 
ranged from 0.24 to 0.55, and immediately next to that post cyclic static test was 
applied. Related results is respectively presented and discussed below as detailed. 
6.1 Experimental Results of Maximum Young ModulusTest 
Maximum young modulus test was performed upon unreinforced sand with relative 
density about 59 and 70%  and upon fibre-reinforced sand with relative density about 
59 to 62%, defined in procedure section. In order to determine maximum young 
modulus, Cyclic Stress Ratio must be very small to test is performed at elastic 
condition. One of these tests has been showed and discussed briefly below. As it has 
been shown at figure 6.1,CSR is between 0.005 to 0.015, which was performed in 
three steps and it caused to axial strain between 0.005 to 0.012% in the sample. So 
then with respect to third graph value of Emax was determined which has been  
showed in the last figure. Emax value is about 270 MPa. 
 
(a) 
Figure 6.1: (a); Experimental results of Emax ,(Test no. 2.18)(b); (c); (d),  
                       Experimental results of Emax ,(Test no. 2.18). 
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(b) 
 
(c) 
(d)     
Figure 6.1 (Continued): (a); Experimental results of Emax ,(Test no. 2.18)(b); (c);  
                                         (d),  Experimental results of Emax ,(Test no. 2.18).  
Figure 6.2, shows the effect of the relative density on the maximum elasticity 
modulus. This figure is based on comparison of two group  samples with relative 
density about 59% and 70%. So it can be derived that the more relative density is the 
more maximum elasticity modulus is get. 
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Figure 6.2: Effect of density on Emax 
As stated above value of Emax increases with respect to relative density. Despite the 
fact that addition of fibre increases density of the specimen, it has caused some 
decrease in value of Emax. For example as presented in figure 6.3,for unreinforced 
specimen with relative density about 59%,Emaxvalueis about265Mpa, while for 1% 
fibre-reinforced specimen with relative density about 62% value of Emaxis about 
220Mpa. Figure 6.4, shows effects of fibre inclusion on Emax. 
Figure 6.3: Effect of fibre inclusion on Emax 
240
260
280
300
320
0,000001 0,00001 0,0001
Em
ax
, (
M
Pa
)
logε, Double Amplitude
Effect on Relative Density
Unreinforced sand
 Dr=40%, No=2.18
Dr=40%, No=1.64
Dr=40%, No=3.19
Dr=40%, No=4.22
Dr=40%, No=2.57"
Dr=50%, No=6.11
Dr=50%, No=7.12
Dr=50%, No=8.13
Dr=50%, No=11.a
Dr=50%, No=12.b
200
210
220
230
240
250
260
270
280
0,000001 0,00001 0,0001
Em
ax
, (
M
Pa
)
logε Double Amplitude
Effect of Fibre Inclusion 1% Fibre, Dr=43%,
No=30.03, 29.84,
28.02, 27.70,
25.56
0.5% Fibre,
Dr=41.5%,
No=23.05, 22.9,
21.88, 20.86
0.1% Fibre,
Dr=40%,
No=14.59, 15.81,
16.82, 17.74
0% Fibre, Dr=40%,
No=1.64, 2.18,
3.19, 4.22
 58 
 
Figure 6.4: Effect of fibre percent on elasticity modulus 
6.2 Cyclic Test Results of Unreinforced Sand 
As cyclic load is applied gradually on the sample, axial strain is increases and cause 
to generation of pore water pressure. When pore water pressure is increased and 
becomes equal to effective pressure liquefaction hazard is happened. Figure 
6.3,showsone of the Cyclic test results with CSR about 0.25 and relative density 
about 59%.In the first 20 cycles amount of axial strain is ±0.3% and pore water 
pressure is about 76 kPa. Pore water pressure is increased gradually with increase of 
cyclic loading, while axial strain increase has not significant change. But after 
twentieth cycle it’s acceleration is very rapid so that it becomes ±2.5% in twenty 
third cycle and cause to failure in the sample. Pore water pressure is increased too 
and at the same time as failure it becomes 100 kPa. The test has been finished in 
twenty fifth cycle at which pore water pressure is 100 kPa and axial strain is ±3.3.  
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Figure 6.5: Results of  cyclic test (Test No. 2.18) 
Figure 6.6, shows effect of relative density on axial strain. Soft sand’s strain potential 
is more than denser one. The sample with 59% relative density has been reached to 
5% axial strain at twenty-second cycle, while70% sample was reach the same strain 
in hundredth cycle.  
 
Figure 6.6: Effect of density on ε-NC 
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As it is shown at figure 6.7, in denser specimens pore water pressure increases in 
longer duration so it delays the liquefaction. With respect to the figure, sample with 
relative density about 70% received to 100 kPa at hundredth cycle, while the sample 
with 59% relative density reached to the same pressure at twenty-second cycle.  
 
Figure 6.7: Effect of density on pore water pressure 
Figure 6.8, compares liquefaction potential of two groups samples with relative 
density about 59% and 70%. With respect to plotted graph, the density effect is very 
appreciable in first twenty cycles and then it’s change is not sensible. It means that in 
high cyclic stress ratio dense samples bear more than soft one. It can be derived from 
this results that soft sands are vulnerable to liquefaction than denser sands. 
 
Figure 6.8: Effect of density on cyclic stress ratio 
Figure 6.9, and 6.10, show effect of cyclic stress ratio on axial strain and generation 
of pore water pressure in unreinforcedsandwithrelativedensityabout59%. It can be 
derived that the higher CSR, the faster sample failure. 
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Figure 6.9: Effect of cyclic stress ratio on axial strain 
 
Figure 6.10: Effect of cyclic stress ratio on pore water pressure 
6.3 Cyclic Test Results of Fibre-Reinforced Sand 
In the last part effect of relative density on cyclic and post cyclic static behavior of 
unreinforced sands was discussed, in this chapter effect of fibre on them will be 
discussed in detail. In this aim samples has been prepared nearly with same relative 
density ranged from 59 to 62% and the same cyclic stress ratio was applied on them 
and effect of fibre was tested. Results are shown that unreinforced sands are failured 
faster than fibre-reinforced sands. On the other hand the fibre improves some cyclic 
and static properties of soil. Other type of tests with same relative density and 
different cyclic stress ratio is performed too and their results is given in tables 6.1 to 
6.4 and related graphs has been given in appendix section. 
Addition of fibre to sands increases their shearing strength, so their insistency against 
strain are increased. As it is shown in figure 6.11, Cyclic load has been applied on 
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four sample with same cyclic stress ratio, CSR=0.27, and different fibre content,0%, 
0.1%, 0.5%, 1% fibre. Unreinforced sand in eighth cycle and 0.1% fibre content 
sample in sixteenth was failured, reach to ε=±2.5, while in 0.5% axial strain is about 
±0.5% and in 1%fibre content sample it is about ±0.05% in eighty cycle. Figure 6.12 
shows effect of fibre inclusion on pore water pressure. 
 
Figure 6.11: Effect of fibre inclusion on axial strain 
 
Figure 6.12: Effect of fibre on increment of pore water pressure 
Several tests with same fibre inclusion and relative density, and different CSR has 
been performed. Figure 6.11 and 6.12 show effect of CSR on axial strain and pore 
water pressure in 0.5% fibre content with relative density between 59 to 62% 
respectively.  
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Figure 6.13: Effect of CSR on axial strain 
 
Figure 6.14: Effect of CSR on PWP 
Liquefaction potential of some unreinforced and fibre-reinforced sand with vary 
amount of fibre percent and vary cyclic stress ratio, with different Relative density  
has been shown in figure 6.15 (a)-(b), briefly. Figure 6.15 (a) shows effect of fibre 
inclusion on dense sand and figure 6.15(b) shows effect of it on loose sand. 
(a) 
Figure 6.15: (a); Effect of fibre inclusion on liquefaction in dense sands, (b); Effect 
                      of fibre inclusion on liquefaction in loose sands 
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(b) 
Figure 6.15 (Continued): (a); Effect of fibre inclusion on liquefaction in dense 
                                              sands, (b); Effect of fibre inclusion on liquefaction in 
                                              loose sands 
All of performed tests has been tabled and given at following tables and related 
graphs have been given in the index part. 
Table 6.1:Experimental results of cyclic load on unreinforced sand 
 
Table 6.2: Experimental results of cyclic load on 0.1% fibre-reinforced sand 
 
0
0,05
0,1
0,15
0,2
0,25
0,3
0,35
0,1 1 10 100 1000
C
SR
,
/2
c
Number of Cycles, NC
Effect of Fibre
1% Fibre,
Dr=40%
0% Fibre,
Dr=42%
No     A1 
(cm2) 
   V1
(cm3) 
n 
(kN/m3)  
c 
(kPa) 
CSR
(±/2c) 
NC
±2.5 
U 
(kPa) 
B
% 
Dr 
% 
Fibre
% 
1.64 19.39 193.53 16.0 100 0.30 4 98 97 59 0 
2.18 19.38 192.77 15.98 100 0.25 23 97 96 59 0 
3.19 19.37 193.32 16.35 100 0.27 8 100 96 60 0 
4.22 19.32 192.98 16.03 100 0.24 98 100 98 60 0 
5.23 19.45 192.38 1.601 100 0.25 25 100 97 61 0 
6.11 19.34 192.93 16.33 100 0.255 118 100 95 70 0 
7.12 19.34 192.87 1.633 100 0.25 100 100 97 70 0 
8.13 19.33 193.2 16.32 100 0.28 78 100 95 71 0 
9.14 19.40 193.81 1.63 100 0.31 17 97 97 70 0 
10.16 19.32 193.09 1.633 100 0.26 24 97 96 71 0 
11.a 19.34 193.24 1.637 100 0.265 37 96 96 71.5 0 
12.b 19.37 193.38 1.634 100 0.30 8 100 96 71 0 
13.c 19.34 192.87 1.633 100 0.24 124 100 97 71 0 
40.07 19.21 187.06 15.55 100 0.24 2 100 98 42 0 
41.08 19.25 187.95 15.4 100 0.18 8 100 98 41.5 0 
42.13 19.28 188.74 15.40 100 0.27 18 100 98 42 0 
No     A1 
(cm2) 
   V1
(cm3) 
n 
(kN/m3)  
c 
(kPa) 
CSR
(±/2c
) 
NC
±2.5 
U 
(kPa) 
B
% 
Dr
% 
Fibre 
% 
14.59 19.34 193.71 16.11 100 0.34 4 100 98 60 0.1 
15.81 19.43 193.57 16.01 100 0.28 9 100 98 60 0.1 
16.82 19.35 193.05 16.02 100 0.26 22 99 96 60 0.1 
17.74 19.39 193.53 16.0 100 0.27 16 98 97 60 0.1 
18.80 19.34 193.22 16.1 100 0.26 30 100 97 60 0.1 
19.83 19.35 193.3 16 100 0.30 6 100 98 60 0.1 
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Table 6.3:Experimental results of cyclic load on 0.5% fibre-reinforced sand 
Table 6.4: Experimental results of cyclic load on 1% fibre-reinforced sand 
6.4 Post Cyclic Static Test 
In loose sands deviator stress increases with strain, while in dense sands deviatory 
increases with strain to certain limit, beyond which decreases to some extent. This 
decrease is because of a tendency of the sand to dilate.  
6.16 (a)-(b), show post cyclic static test results of the un-reinforced saturated sand in 
which young modulus and cyclic test has been done on it before. As it has been 
shown in figure 6.16(a), deviatory stress increases to cause failure in specimen. Due 
to the fact that our samples are dense, at first deviatory stress increases with axial 
strain and in fifth cycle it reach to peak point, and then it is gradually decreases. 
During the application of deviatory stress, the drainage lines from the sample is kept 
closed. So pore water pressure is generated figure 6.16(b), shows amount of PWP, 
because of tendency of the soil to dilation it’s value is negative. Shear strength of the 
unreinforced sand has become 1500 kPa and pore water pressure is about -440kPa. 
No     A1 
(cm2) 
   V1 
(cm3) 
n 
(kN/m3)  
c 
(kPa) 
CSR
(±/2c) 
NC
±2.5 
U 
(kPa) 
B 
% 
Dr 
% 
Fibre
% 
20.86 19.34 192.95 16.05 100 0.33 31 100 98 61 0.5
21.88 19.32 192.69 16.07 100 0.35 13 100 98 61.5 0.5
22.90 19.34 193.07 16.06 100 0.40 6 100 98 61 0.5
23.5 19.30 193.3 16.1 100 0.37 8 100 97 61 0.5
34.07 19.32 193.22 16.1 100 0.33 48 100 98 61 0.5
24.6 19.42 193.30 16.1 100 0.27 100 100 98 61 0.5
No     A1 
(cm2) 
   V1 
(cm3) 
n 
(kN/m3)  
c 
(kPa) 
CSR
(±/2c) 
NC
±2.5 
U 
(kPa) 
B 
% 
Dr 
% 
Fibre
% 
25.56 19.39 193.71 16.10 100 0.48  6 100 98 62 1
26.58 19.37 193.7 16.10 100 0.51  4 100 96 62 1
27.70 19.37 193.7 16.10 100 0.355 40 100 98 62 1
28.02 19.40 192.89 16.10 100 0.38 17 100 100 62 1
29.84 19.39 193.71 16.11 100 0.40 13 100 98 62 1
30.33 19.40 193.36 16.11 100 0.38 48 100 98 62.3 1
31.04 19.40 193.3 16.11 100 0.27 80 25 98 62.3 1
33.06 19.33 193.33 16.07 100 0.255 78 17 98 62 1
35.08 19.36 193.63 16.03 100 0.30 60 100 98 62 1
36.01 19.30 19.80 15.40 100 0.24 32 100 98 40 1
37.02 19.36 190.95 15.40 100 0.27 16 100 98 40 1
38.12 19.36 192.95 15.40 100 0.20 118 100 98 40 1
39.5 19.30 191.08 15.30 100 0.32 7 100 98 39 1
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(a) 
(b) 
Figure 6.16: (a), (b): Post cyclic static test results of  2.18 no Test 
6.4.1 Effect of density on shear strength 
Figure 6.17, compares two unreinforced saturated sand samples with different 
relative density. It shows effect of density on shear strength of the sands. In both 
samples deviatory stress increases with increase of shear displacement until cause 
shear failure. In denser specimen after failure, shear stress declines with higher slope 
than loose sample. Beside this dens sample reach to peak point in lesser axial stress 
than loose sample. Shear strength for 59% relative density is about 1500 kPa in 11% 
axial strain and it is1800 kPa in 9% axial strain for 70% relative density.  
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(a) 
 
(b) 
Figure 6.17: Post cyclic static test: variation of deviatory and pore water    pressure 
                      stress against  strain 
6.4.2 Effect of fibre inclusion on shear strength 
Addition of fibre to sands both in PCST and ST increase their shear strength. 
Although it’s effect is negligible in 0.1% fibre content, in 0.5% and 1% it’s effect 
can be seen obviously. Figure 6.18: (a) and (b) show effects of fibre inclusion on 
shear strength of sands in PCST and ST respectively. Figure 6.18: (c) and (d) show 
that fibre inclusion do not have any clear effect on pore water pressure change. 
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(a) 
 
(b) 
 
(c) 
Figure 6.18: Figure (a) and (b), show effect of fibre inclusion on PCST and ST 
                          figure (c) and (d) show effect of fibre inclusion on PWP. 
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 (d) 
Figure 6.18 (Continued ): Figure (a) and (b), show effect of fibre inclusion on  
                                          PCST and ST figure (c) and (d) show effect of fibre  
                                          inclusion on PWP. 
.In figure 6.18, two samples with relative density about 70%, which contain 1% 
fibre, are compared with together. One of them is PCST and the other is ST. 
Comparison results of them shows that un-drained shear strength and pore water 
pressure after cyclic load approximately are the same as their values before cyclic 
loading. Comparison results of other tests including 0.5, 0.1, and 0% fibre content 
has been given in index section. 
 
(a) 
Figure 6.19: Static and post cyclic static test result: figure (a); Effect 
                on shear strength, (b); Effect on pore water pressure 
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(b) 
Figure 6.19 (Continued): Static and post cyclic static test result: figure (a); Effect 
                                             on shear strength, (b); Effect on pore water pressure 
As it is mentioned above by addition of fibre to saturated sand, shear strength is 
increased, both in consolidated un-drained and consolidated drained condition. 
Figure 6.20, (a)-(b)-(c) show effect of fibre inclusion on shear strength volume 
change and void ratio of sand in consolidated drained condition respectively. 
Confining pressure is 100 kPa and fibre content are 0, 0.5, and 1%. Although adding 
0.5% fibre decreases volume change and void ratio, addition of 1% fibre increases 
their value.  
 
(a) 
Figure 6.20: Effect of fibre inclusion on static behavior of sand, (a); Effect on shear 
                     strength (b);(c); Effect on volume change and void ratio respectively. 
 
‐600
‐500
‐400
‐300
‐200
‐100
0
100
0 5 10 15 20 25
P.
W
.P
.(K
pa
)
Axial Strain, ε(%)
Effect of Fibre Inclusion
1% Fibre,
Dr=43,
CSR=0.27,
NC=80,
No=31.04
1% Fibre,
Dr=43%,
No=25S, ST
0
500
1000
0 5 10 15 20 25
D
ev
ia
to
r S
tre
ss
, Δ
σ(
kP
a)
Axial Strain, ε (%)
CD Test, Strain Rate: 1.00mm/min 
0.0 %
0.5 %
1.0 %
Dr= 59%
Dr= 60%
Dr=62%
 71 
 
 
(b) 
 
(c) 
Figure 6.20 (Continued): Effect of fibre inclusion on static behavior of sand, (a);  
                                           Effect on shear strength (b);(c); Effect on volume change 
                                           and void ratio respectively. 
6.4.3 Effect of strain rate on shear strength of sand 
Several type of specimens with different fibre content is prepared and post cyclic 
static test has been performed by varying speed rate on them in both un-drained and 
drained condition. The results prove that speed ratio has not any effect on shear 
strength and generated pore water pressure of post cyclic static tests. Figure 6.21(a)-
(b), show results of the tests, which has been performed on 0.1% fibre content in un-
drained condition. Tests results for 0, 0.5, and 1% have been given in index section. 
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(a) 
 
(b) 
Figure 6.21: Effect of strain rate on (a): Shear strength; (b): Pore water pressure 
Effect of strain rate is determined on un-reinforced sand in consolidated drained 
condition. The tests are performed in strain rate about 0.5, 1, and 2 mm/min with 
confining pressure about 100kPa and relative density about 60%. The results are 
given in figure 6.22; (a)-(b)-(c), results show that strain rate do not have any effect 
on static behavior of sand. Figure 6.23; (a)-(b)-(c)-(d), show the sand which has been 
used in the tests  before and After un-reinforced and fibre-reinforced sand relatively.  
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(a) 
 
 
(b) 
 
(c) 
Figure 6.22: Effect of strain rate on static behavior of un-reinforced sand in 
                     condition 
0
100
200
300
400
500
0 5 10 15 20 25
D
ev
ia
to
r S
tre
ss
, Δ
σ(
kP
a)
Axial Strain, ε (%)
Un-Reinforced Sand
0.5
mm/min
1.00
mm/min
2.00
mm/min
0
0,2
0,4
0,6
0,8
1
1,2
1,4
0 5 10 15 20 25
e
Axial Strain, ε (%)
Un-Reinforced Sand
0.5
mm/min
1.00
mm/min
2.00
mm/min
‐0,01
0
0,01
0,02
0,03
0,04
0,05
0,06
0 5 10 15 20 25
∆V
/V
 
Axial Strain, ε(%)
Un-Reinforced Sand
0.50
mm/min
1.00
mm/min
2.00
mm/min
 74 
 
          
   (a) (b) 
     
(c)                                                           (d) 
Figure 6.23: (a):Un-Reinforced sand before test, (b): Un-Reinforced sand after test, 
                     (c): Fibre-Reinforced sand before test, (d): Fibre-Reinforced sand after  
                     Test. 
All of Post Cyclic Static Tests results has been tabled and given at following tables 
and related graphs has been given in the index part. 
Table 6.5: Experimental results of post cyclic static load on un-reinforced sand 
 
 
 
 
No     A1 
(cm2) 
   V1 
(cm3) 
n  
(kN/m3)  
c 
(kPa) 
Nc U 
(kPa) 
ε
% 
SDS 
(kPa) 
SU 
(kPa) 
B 
% 
Dr 
% 
1.64S 19.39 193.53 16.0 100 4 96 ±5.00 1410 -450 97 59 
2.18S 19.38 192.77 15.98 100 14 99 ±3.00 1460 -480 98 59 
3.19S 19.37 193.32 16.35 100 8 100 ±2.60 1420 -460 96 59 
4.22S 19.32 192.98 16.03 100 98 100 ±3.30 1420 -450 98 60 
5.23S 19.45 192.38 1.601 100 0.25 100 ±3.00 1420 -460 98 59 
41.08S 19.25 187.95 15.4 100 8 100 ±6.9 1200 -300 97 41.5 
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Table 6.6: Experimental results of post cyclic static load on 0.1% fibre- 
                  Reinforced sand 
 
Table 6.7: Experimental results of post cyclic static load on 0.5% fibre- 
                  reinforced-sand 
 
Table 6.8: Experimental results of post cyclic static load on 1%Fibre- 
                  reinforced-sand 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
No     A1
(cm2) 
   V1 
(cm3) 
n 
(kN/m3)  
c 
(kPa) 
Nc U 
(kPa) 
ε
% 
SDS 
(kPa) 
SU 
(kPa) 
B 
% 
Dr
% 
14.59S 19.34 193.71 16.11 100 4 100 ±3.3 1600 -470 98 60
15.81S 19.43 193.57 16.01 100 9 100 ±4 1620 -430 98 60
16.82S 19.35 193.05 16.02 100 22 99 ±3.6 1600 -400 96 60
17.74S 19.39 193.53 16.0 100 16 98 ±5.2 1580 -460 97 60
18.83S 19.35 193.3 16 100 6 100 ±3.1 1600 -450 98 60.5
No     A1
(cm2) 
   V1 
(cm3) 
n 
(kN/m3)  
c 
(kPa) 
Nc U 
(kPa) 
ε
% 
SDS 
(kPa) 
SU 
(kPa) 
B 
% 
Dr
% 
20.86S 19.34 192.95 16.05 100 31 100 ±2.7 1790 -460 98 41.2
21.88S 19.32 192.69 1.607 100 13 100 ±4.90 1800 -460 98 42.0
22.90S 19.34 193.07 16.06 100 6 100 ±4.00 1800 -480 98 41.5
24.5S 19.30 193.3 16.1 100 8 100 ±3.1 1740 -430 98 41.3
No     A1 
(cm2) 
   V1 
(cm3) 
n 
(kN/m3)  
c 
(kPa) 
Nc U 
(kPa) 
ε
% 
SDS 
(kPa) 
SU 
(kPa) 
B 
% 
Dr
% 
25.56S 19.39 193.71 16.10 100 6 100 ±6 1900 -400 96 62
26.58S 19.37 193.7 16.10 100 4 100 ±2.6 1880 -400 96 62
27.70S 19.37 193.7 16.10 100 40 100 ±4.6 1940 -430 98 62
28.02S 19.40 191.89 16.10 100 17 100 ±2.6 2020 -445 98 62
36.01S 19.30 191.89 15.40 100 32 100 ±3.1 1200 -200 98 40
37.02S 19.36 190.95 15.40 100 18 100 ±2.5 1100 -140 98 40
38.12S 19.36 192.95 15.40 100 118 100 ±2.5 1100 -140 98 40
39.05S 19.30 191.08 15.30 100 7 100 ±3.5 1300 -220 98 39
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7. CONCLUSION 
In this study effect of density and fibre inclusion on maximum young modulus, the 
liquefaction potential, and the shear strength of sand investigated in the present 
laboratory study. Analysis of the Cyclic and Static Triaxial Tests on plain and fiber 
reinforced medium specimens have revealed a number of points of interests. 
The results of different cyclic triaxial tests on sand with three different relative 
densities (Dr=40, 60, and 70%) were obtained. The results illustrate that both Emax 
value and shear strength of sand increase as the relative density increases from 60% 
to 70% but liquefaction potential decreases. 
The presence of fibers affect the behavior of sand in compression and extension and 
converts strain softening response into strain hardening response. Therefore, shear 
strength of the sand increases and liquefaction hazard appears to lessen for Cyclic 
loads. Despite of the fact that fiber mixture improves some engineering properties of 
the sand, it decreased Emax value. 
Consolidated-Undrained results of cyclic test results showed that liquefaction 
potential of the sand decreases as density increasing. The fiber addition also 
decreased the liquefaction potential aspect of sand. Hence, specimens which shears 
with higher cyclic stress ratio are more vulnerable to liquefaction hazard than which 
sheared with low cyclic stress ratio. 
In this study several tests with sand mixed with varying amount of fibre including 
0.1, 0.5, and 1% fibre has been performed, and results of cyclic and post cyclic static 
load were compared with unreinforced sand at the same relative density.  Results 
illustrate that the effect of 0.1% fibre mixture is negligible in both shear strength and 
liquefaction, while 0.5% and 1% fibre combinations improve the behavior of the 
sand against liquefaction phenomena. As the fiber content increases up to 1%, the 
engineering properties of sand improve in significant ways. Analyze of the post 
cyclic static test result shows that strain rate does not have an important effects on 
neither the shear strength nor on generated pore water pressure of the sand. 
 78 
 
Practical application of fibre to reinforce the sand in order to increase the 
liquefaction resistance and the shear strength of sand require carefully prepared fiber 
reinforced sand mixture and compaction procedures in order to reach desired 
densities. 
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    Table A.1:Experimental results of cyclic test, (Test no: 1.64). 
 
 
Figure A.1: Cyclic test results, (Test no: 1.64). 
 
-0.40
-0.30
-0.20
-0.10
0.00
0.10
0.20
0.30
0.40
0 1 2 3 4 5 6C
yc
lic
 St
res
s R
ati
oσd
/2σc
Number of Cycles(N)
-6
-4
-2
0
2
4
6
0 1 2 3 4 5 6
Ax
ial
 St
rai
n, 
ε(%
)
Number of Cycles(N)
-20.0
0.0
20.0
40.0
60.0
80.0
100.0
120.0
0 1 2 3 4 5 6
P.W
.P.
 (k
Pa
)
Number of Cycles(N)
No     A1 
(cm2) 
   V1 
(cm3) 
c 
(kN/m3)  
c 
(kPa) 
CSR
(±/2c) 
NC
±2.5 
U 
(kPa) 
B
% 
Dr 
% 
Fibre 
% 
1.64 19.39 193.5
3 
16.0 100 0.30 4 98 97 59 0 
  85
 
Table A.2: Experimental results of post cyclic static test, (Test no: 1.64). 
 
 
 
Figure A.2: Post cyclic static test results, (Test no: 1.64). 
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Table A.3: Experimental results of cyclic test, (Test no: 2.18). 
 
 
Figure A.3: Cyclic test results, (Test no: 2.18). 
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Table A.4: Experimental results of post cyclic static test, (Test no: 2.18S). 
 
 
Figure A.4: Post cyclic static test results, (Test no: 2.18S). 
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Table A.5: Experimental results of cyclic test, (Test no: 3.19). 
 
 
Figure A.5: Cyclic test results, (Test no:  3.19). 
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Table A.6: Experimental results of post cyclic static test, (Test no: 3.19S). 
 
 
Figure A.6:Post cyclic static test results, (Test no: 3.19S). 
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Table A.7:Experimental results of cyclic test, (Test no:  4.22). 
 
 
Figure A.7:Cyclic test results, (Test no: 4.22). 
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Table A.8: Experimental results of post cyclic static, (Test no: 4.22S). 
 
 
 
Figure A.8: Post cyclic static test results, (Test no: 4.22S). 
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Table A.9: Experimental results of cyclic test, (Test no: 5.23). 
 
 
Figure A.9: Cyclic test results, (Test no: 5.23). 
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Table A.10: Experimental results of post cyclic static test, (Test no: 5.23S). 
 
 
 
Figure A.10: Post Cyclic Static test results, (Test no: 5.23S). 
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Table A.11: Experimental results of cyclic test, (Test no: 6.11). 
 
 
Figure A.11: Cyclic test, (Test no: 6.11). 
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Table A.12: Experimental results of cyclic test, (Test no: 7.12). 
 
 
Figure A.12: Cyclic test results, (Test no: 7.12). 
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Table A.13: Experimental results of cyclic test, (Test no: 8.13). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.13: Cyclic test results, (Test no: 8.13). 
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Table A.14: Experimental results of cyclic test, (Test no: 9.14). 
 
 
Figure A.14: Cyclic test results, (Test no: 9.14). 
 
-0.40
-0.30
-0.20
-0.10
0.00
0.10
0.20
0.30
0.40
0 5 10 15 20C
yc
lic
 St
res
s R
ati
oσd
/2σ
c
Number of Cycles(N)
-5
-4
-3
-2
-1
0
1
2
3
0 5 10 15 20
Ax
ial
 St
rai
n, 
ε(%
)
Number of Cycles(N)
-20.0
0.0
20.0
40.0
60.0
80.0
100.0
120.0
0 5 10 15 20
P.W
.P.
 (k
Pa
)
Number of Cycles(N)
No     A1 
(cm2) 
   V1 
(cm3) 
c 
(kN/m3)  
c 
(kPa) 
CSR
(±/2c) 
NC
±2.5 
U 
(kPa) 
B 
% 
Dr 
% 
Fibre
% 
9.14 19.40 193.81 1.63 100 0.31 17 97 97 70 0
  98
Table A.15: Experimental results of cyclic test, (Test no: 10.16). 
 
 
 
Figure A.15: Cyclic test results, (Test no: 10.16). 
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Table A.16: Experimental results of cyclic test, (Test no: 11.a). 
 
Figure A.16: Cyclic test results, (Test no: 11.a). 
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Table A.17: Experimental results of cyclic test, (Test no: 12.b). 
 
 
Figure A.17: Cyclic test results, (Test :no 12.b). 
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Table A.18: Experimental results of cyclic test, (Test :no13.c). 
 
 
Figure A.18: Cyclic test results, (Test :no 13.c). 
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Table A.19: Experimental results of cyclic test, (Test :no 14.59). 
 
 
Figure A.19: Cyclic test results, (Test :no 14.59). 
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Table A.20: Experimental results of post cyclic static test, (Test :no14.59S). 
 
 
 
Figure A.20: Post cyclic static test results, (Test :no14.59S). 
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14.59S 19.34 193.71 16.11 100 0.34 4 ±3.3 1600 -470 0.1
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Table A.21: Experimental results of cyclic test, (Test :no 15.81). 
 
 
Figure A.21: Cyclic test, (Test :no 15.81). 
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Table A.22: Experimental results of post cyclic static test, (Test :no15.81S). 
 
 
 
Figure A.22: Post cyclic static test results, (Test :no15.81S). 
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15.81S 19.43 193.57 16.01 100 0.28 9 ±4.00 1620 -430 0.1
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Table A.23: Experimental results of cyclic test, (Test :no15.81). 
 
      
 
Figure A.23: Cyclic test results, (Test :no15.81). 
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Table A.24: Experimental results of post cyclic static test, (Test :no15.81S). 
 
Figure A.24: Post cyclic static test results, (Test :no15.81S). 
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16.82S 19.36 193.47 16.01 100 0.26 22 ±4.00 1620 -430 0.1
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Table A.25: Experimental results of cyclic test, (Test :no15.81). 
 
   
Figure A.25: Cyclic test results, (Test :no17.74). 
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Table A.26: Experimental results of cyclic test, (Test :no21.88). 
 
Figure A.26: Cyclic test results, (Test :no18.80). 
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Table A.27: Experimental results of cyclic test, (Test :no19.83). 
       
 
Figure A.27: Cyclic test results, (Test :no19.83). 
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Table A.28: Experimental results of cyclic test, (Test :no21.88). 
 
 
Figure A.28: Cyclic test results, (Test :no 20.86). 
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Table A.29: Experimental results of cyclic test, (Test :no21.88). 
 
 
Figure A.29: Cyclic test results, (Test :no21.88). 
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Table A.30:  Experimental results of post cyclic static test, (Test :no21.88S). 
 
 
 
Figure A.30: Post cyclic static test results, (Test :no21.88S). 
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Table A.31: Experimental results of cyclic test, (Test :no22.90). 
 
 
Figure A.31: Cyclic test results, (Test :no22.90). 
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Table A.32: Experimental results of post cyclic static test, (Test :no22.90S). 
 
 
Figure A.32: Post cyclic static test results, (Test :no22.90S). 
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22.90S 19.34 193.07 16.06 100 6 100 ±4.00 1800 -480 0.5 
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Table A.33: Experimental results of cyclic test, (Test :no25.56). 
 
 
Figure A.33: Cyclic test results, (Test :no23.05). 
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Table A.34: Experimental results of cyclic test, (Test :no25.56). 
 
 
 
Figure A.34: Cyclic test results, (Test :no24.06). 
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Table A.35: Experimental results of cyclic test, (Test :no32.05). 
 
 
Figure A.35: Cyclic test results, (Test :no32.05). 
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Table A.36: Experimental results of Cyclic test, (Test :no34.07). 
 
 
Figure A.36: Cyclic test results, (Test :no25.56). 
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Table A.37: Experimental results of Cyclic test, (Test :no25.56). 
 
 
 
 
 
Figure A.37: Cyclic test results, (Test :no25.56). 
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Table A.38: Experimental results of post cyclic static test, (Test :no25.56S). 
 
 
Figure A.38: Post cyclic static test results, (Test :no25.56S). 
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Table A.39: Experimental results of Cyclic test, (Test :no26.58). 
 
 
Figure A.39: Cyclic test results, (Test :no26.58). 
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Table A.40: Experimental results of post cyclic static test, (Test :no26.58S). 
 
Figure A.40: Post cyclic static test results, (Test :no26.58S). 
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Table A.41: Experimental results of Cyclic test, (Test :no22.70). 
 
 
Figure A.41: Cyclic test results, (Test :no22.70). 
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Table A.42: Experimental results of post cyclic static test, (Test :no27.70S). 
 
 
Figure A.42: Post cyclic static test results, (Test :no27.70S). 
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Table A.43: Experimental results of cyclic test, (Test :no28.02). 
  
 
Figure A.43: Cyclic test results, (Test :no28.02). 
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Table A.44: Experimental results of post cyclic static test, (Test :no28.02S). 
 
 
 
Figure A.44: Post cyclic static test results, (Test :no28.02S). 
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Table A.45: Experimental results of Cyclic test, (Test :no29.84). 
 
Figure A.45: Cyclic test results, (Test :no29.84). 
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Table A.46: Experimental results of Cyclic test, (Test :no30.33). 
 
 
     
 
Figure A.46: Cyclic test results, (Test :no30.33). 
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Table A.47: Experimental results of Cyclic test, (Test :no31.04). 
 
 
 
 
Figure A.47: Cyclic test results, (Test :no31.04). 
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Table A.48: Experimental results of cyclic test, (Test :no33.06). 
 
 
         
 
Figure A.48: Cyclic test results, (Test :no33.06). 
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Table A.49: Experimental results of Cyclic test, (Test :no35.08). 
 
 
        
 
Figure A.49: Cyclic test results, (Test :no35.08). 
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Table A.50: Experimental results of Cyclic test, (Test :no36.01). 
 
 
 
Figure A.50: Cyclic test results, (Test :no36.01). 
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Table A.51: Experimental results of post cyclic static test, (Test :no36.01S). 
 
 
 
Figure A.51: Post cyclic static test results, (Test :no36.01S). 
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Table A.52: Experimental results of Cyclic test, (Test :no37.02). 
 
           
 
Figure A.52: Cyclic test results, (Test :no37.02). 
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Table A.53: Experimental results of Cyclic test, (Test :no37.02). 
 
 
 
Figure A.53: Post cyclic static test results, (Test :no36.01S). 
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Table A.54: Experimental results of Cyclic test, (Test :no38.12). 
 
 
 
 
Figure A.54:Cyclic test results, (Test :no38.12). 
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Table A.55: Experimental results of  post cyclic static test, (Test :no35.08). 
 
 
 
Figure A.55: Post cyclic static test results, (Test :no38.12S). 
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Table A.56: Experimental results of cyclic test, (Test : no39.05). 
 
Figure A.56: Post cyclic static test results, (Test no: 39.05S). 
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Table A.57: Experimental results of  post cyclic static test, (Test : no39.05). 
 
 
Figure A.57: Post cyclic static test results, (Test : no39.05S). 
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Table A.58: Experimental results of Cyclic test, (Test :no40.07). 
Figure A.58: Cyclic test results, (Test : no40.07S). 
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 Table A.59: Experimental results of cyclic test, (Test :no41.08). 
 
 
Figure A.59: Cyclic test results, (Test : no41.08S). 
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Table A.60: Experimental results of  post cyclic static test, (Test :no39.05). 
 
Figure A.60: Post cyclic static test results, (Test : no41.08S). 
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Table A.61: Experimental results of Cyclic test, (Test :no35.08). 
 
Figure A.61: Post cyclic static test results, (Test : no36.01S). 
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(a) 
(b) 
Figure B.1: Effect of fibre inclusion on (a): shear strength and (b): PWP 
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(a) 
 
 
(b) 
Figure B.2: Effect of fibre inclusion on (a): shear strength and (b): PWP 
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(a) 
 
(b) 
Figure B.3: Effect of fibre inclusion on (a): shear strength and (b): PWP 
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(a) 
(b) 
Figure B.4: Effect of fibre inclusion on (a): shear strength and (b): PWP 
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(a) 
(b)  
Figure B.5: Comparison of shear strength and PWP in PCST and ST, 0%fibre 
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(a) 
 
Figure B.6: Comparison of (a): shear strength and (b): PWP in PCST and ST, 
                        0.1%fibre 
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(a) 
 
    
(b) 
Figure B.7: Comparison of (a): shear strength and (b): PWP in PCST and ST, 
                        0.5%fibre 
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(a) 
 
(b) 
Figure B.8: Comparison of (a): shear strength and (b): PWP in PCST and ST. 
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